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Abstract
A variety of process configurations are employed at municipal water reclamation
facilities (WRFs), such as 5-stage Bardenpho, oxidation ditch, modified Ludzack-Ettinger
(MLE) process, and sidestream recycle. However, all of these configurations face certain
challenges in achieving optimum treatment of nitrogen and phosphorus. In this dissertation, the
driving objectives were to: (1) quantitatively assess the fate of nitrogen and phosphorus (mass
fluxes) at a treatment facility that employs biological nutrient removal, aerobic digestion, and
sidestream recycle, (2) evaluate the performance of a microbial fuel cell (MFC) as a technology
to remove nitrogen from sidestreams at a treatment plant that employs that employs biological
nutrient removal, aerobic digestion, and sidestream recycle, (3) determine the fate of phosphorus
at a treatment facility that employs an oxidation ditch and is characterized by simultaneous
nitrification and denitrification, and (4) assess the potential of implementing enhanced biological
phosphorus removal (EBPR) to MLE process via the addition of recycled activated sludge (RAS)
fermentation, using both a lab-scale continuous treatment MLE system and a BioWin model of a
treatment facility that employs MLE.
To achieve objective 1 of this dissertation, mass fluxes of nitrogen and phosphorus were
quantified through the treatment trains at the Northwest Regional Water Reclamation Facility
(NWRWRF) and the adjoining Biosolids Management Facility (BMF) in Hillsborough County,
Florida. I determined that nearly half of the overall phosphorus flux into NWRWRF was
recycled from the BMF sidestream. This leads to an increased cost of treatment, e.g., for alum
used in phosphorus removal at NWRWRF. In contrast to phosphorus, the flux of nitrogen from

ix

BMF to NWRWRF is small (~3%) compared to the flux of nitrogen entering NWRWRF in raw
wastewater. However, nitrogen in the sidestream is mostly in the form of nitrate, which prevents
anaerobic conditions from developing in the fermentation basin at NWRWRF, and thereby
interferes with the EBPR process. Some measurements suggest that fermentation and release of
phosphorus may occur in the RAS line, which supports EBPR and may partially compensate for
anoxic (denitrifying) conditions in the fermentation basin. Therefore, overall, NWRWRF was
able to meet its permit limits for phosphorus through a combination of EBPR and alum addition.
The general trends observed are likely to apply to many similar facilities that employ biological
nutrient removal, aerobic digestion, and sidestream recycle. I recommend that such facilities
consider (1) removal or recovery of phosphorus from their sidestreams and (2) returning
sidestreams downstream of fermentation basins to avoid inhibition of EBPR processes.
I constructed a bench-scale MFC and operated it for a period of 125 days to remove
nitrogen (nitrate) from an aerobic digester sidestream from BMF. The average removal rate of
nitrogen was 14 mg/(L·d), the average power production was 0.38 mW/m2 of electrode surface
area, and the apparent efficiency of electron transfer from anode to cathode was 41%. The
nitrogen removal rate and apparent electron transfer efficiency are similar to those observed in
previous MFC studies treating other nitrate-containing streams via cathodic denitrification. The
low power generation may be due partly to the two-chamber configuration of the MFC
employed, which was appropriate for the goals of this study but is not the most advanced MFC
configuration. Therefore, I conclude that the MFC remains a promising candidate for nitrate
removal from aerobic digester sidestreams, but that more advanced MFC configurations than the
one employed here will be required for the technology to be viable at a larger scale.

x

I analyzed data collected by a previous student from Falkenburg Advanced Wastewater
Treatment Plant (FAWTP) in Hillsborough County, Florida. Samples from six locations at
FAWTP were collected and tested for total phosphorus, orthophosphate, ammonium, nitrate,
nitrite, alkalinity, and pH. Results indicated the occurrence of simultaneous nitrification and
denitrification (SND) and EBPR in the oxidation ditch at FAWTP. Ammonium average removal
efficiency was 99.5 %. The net production of nitrite and nitrate was insignificant, indicating the
conversion of ammonium to nitrogen gas. EBPR was responsible for 90% of phosphorus
removal and chemical precipitation was responsible for the remainder.
EBPR via RAS fermentation was evaluated at a MLE process using: (1) a laboratoryscale continuous flow system with influent collected from NWRWRF and (2) a BioWin model of
Pinellas County’s South Cross Bayou (SCB) Water Reclamation Facility that employs MLE
configuration for wastewater treatment. Despite, phosphorus release in the RAS fermentation
reactor, both the laboratory-scale system and the BioWin model were not successful in achieving
removal of orthophosphate. In the laboratory-scale system and the BioWin model,
orthophosphate in the fermentation reactor reached 24.7 mg/L as P and 10.2 mg/L as P,
respectively. In the lab-scale system, average orthophosphate concentration in the effluent was
5.3 mg/L compared to 4.3 mg/L in the influent. In the BioWin model, average orthophosphate
concentration in the effluent was 2.7 mg/L compared to 2 mg/L in the influent. RAS
fermentation might have been limited by low supply of readily biodegradable chemical oxygen
demand (rbCOD), in which case fermenters would have been relying on endogenous decay,
which slowed down the growth rate and VFA production. One way to test this hypothesis is to
analyze rbCOD in the RAS. A possible solution to this problem could be adding raw wastewater
or methanol to the RAS fermentation reactor for the necessary supply of rbCOD.

xi

Chapter 1. Introduction
1.1. Background and Motivation
Historically, the main purpose of wastewater treatment was to prevent diseases by
ensuring that humans had minimal contact with potentially infectious raw sewage. However,
over the years, this purpose has expanded to address environmental issues that may result from
improper wastewater discharge. For example, eutrophication (excess nutrients in surface water
leading to algae blooms and oxygen depletion) is one problem that can be caused by disposal of
untreated (or inadequately treated) sewage into surface water.
Water reclamation facilities (WRFs) use biological, chemical, and physical processes to
remove nitrogen and phosphorus from wastewater before they reclaim or discharge effluent to
surface water. Biological nitrification-denitrification is typically used to remove nitrogen, while
enhanced biological phosphorus removal (EBPR) and/or chemical precipitation is employed to
remove phosphorus at WRFs (Tchobanoglous et al. 2014). These processes produce sludge that
typically undergoes aerobic or anaerobic digestion for stabilization and volume reduction.
Digester effluent is dewatered, producing a liquid stream that is usually referred to as a
sidestream. The sidestream is typically returned back to headworks at the WRF and the sludge is
disposed or used for land application as fertilizers.
Although these processes have generally been successful, the current practice is far from
being efficient and sustainable. For example, EBPR sometimes has difficulty meeting permit
limits because of the following challenges (Coats et al. 2018): (1) low carbon-to-phosphorus
ratio in the influent wastewater, (2) presence of other organisms competing with phosphate-
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accumulating organisms (PAOs), and/or (3) nitrate/nitrite intrusion from return activated sludge
(RAS) or aerobic digester sidestreams that can inhibit PAOs’ activities. Moreover, the success
of EBPR depends on maintaining a specific set of conditions at the treatment facility
(Tchobanoglous et al. 2014), which makes the viability of EBPR questionable under common
treatment configurations such as an oxidation ditch or a modified Ludzack-Ettinger (MLE)
process. For these reasons, it is common for EBPR to be accompanied by chemical phosphorus
removal, such as alum addition, which induces additional operational cost for the facility.
In addition, the aforementioned digester sidestream is usually rich in nitrogen and
phosphorus, which are released from the sludge during digestion (Ju et al. 2005; Phillips et al.
2006; Holloway et al. 2007; Martí et al. 2010). This is important because when the sidestream is
returned back to the headworks at the WRF, nitrogen and phosphorus are also returned. This
induces more cost to treat the same molecules repeatedly (Münch & Barr 2001). Moreover,
sidestream recycling may interfere with biological treatment processes in the mainstream. For
instance, sidestreams from anaerobic digestion may contain up to 1500 mg/L of NH4+-N (Phillips
et al. 2006), which can be inhibitory to nitrification in mainstream treatment; alternately,
sidestreams from aerobic digestion may contain high concentrations of NO3– (Anderson &
Mavinic 1993; Kim et al. 2002), which prevents the establishment of strongly anaerobic
conditions required for the first step of the EBPR process (Pitman 1999, Seviour et al. 2003). At
some facilities, these two problems compound each other: more alum is needed to remove the
same phosphorus molecules that have been recycled repeatedly through the WRF, and EBPR is
inhibited by the presence of nitrate in the sidestream.
Different strategies have been proposed to address the problems described above. For
instance, digester sidestreams could be treated to remove nitrogen and phosphorus and thereby
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prevent the recycle of these nutrients back to the mainstream treatment process. Technologies
that have been proposed for removing nutrients from digester sidestreams include engineered
precipitation of struvite (Battistoni et al. 2000; Shu et al. 2006; LeCorre et al. 2009; Latimer et
al. 2015; Abel-Denee et al. 2018), microbial fuel cell (MFC) for nitrogen removal (Orner et al.
2019), advanced biological processes such as “shortcut” nitrogen removal (Turk & Mavinic
1986; Abeling & Seyfried 1992; Yoo et al. 1999; van Kempen et al. 2001; Ciudad et al. 2005;
Mosquera-Corral et al. 2005; Peng & Zhu 2006), or partial nitritation with anaerobic ammonium
oxidation (anammox) (van Dongen et al. 2001; Fux et al. 2002; Joss et al. 2009; Lackner et al.
2014). Also, in addition to (or instead of) treating the digester sidestream, it might be possible to
improve the EBPR process via modifications to the treatment configuration. For instance,
adding a RAS fermentation process to the overall treatment configuration might improve
conventional EBPR efficiency (Barnard et al. 2017). The process is sometimes called
“sidestream” EBPR (S2EBPR) even if the stream processed is the RAS, not the digester
sidestream.
However, some important challenges remain for these proposed improvements to the
conventional WRF operation. With regard to removing nutrients from digester sidestreams, most
of the technologies apply for anaerobically digested sidestreams where nitrogen is present in the
form of NH4+, but not for aerobically digested sidestreams where nitrogen is in the form of NO3–
(Anderson & Mavinic 1993; Kim et al. 2002). However, usually only the largest treatment
facilities employ anaerobic digestion; smaller facilities (those that treat less than about 19,000
m3/d) are much more commonplace, and these usually rely on aerobic digestion (Mavinic &
Koers 1982; Kim et al. 2002; WEF/ASCE 2010). So far, very few candidates have been
proposed or demonstrated for removing and/or recovering nutrients from aerobic sidestreams.
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One possible technology for aerobically digested sidestreams is a microbial fuel cell (MFC),
using nitrate as the electron acceptor in the cathode of the fuel cell. This technology has been
demonstrated for other nitrate-containing waters (Clauwert et al. 2007; Virdis et al. 2008; Virdis
et al. 2010; Castro et al. 2014; Lee et al. 2013; Orner et al. 2019), but so far, no studies have been
completed to assess the viability of MFC in removing nutrients from aerobically digested
sidestreams.
With regard to EBPR via RAS fermentation, previous studies (Tooker et al. 2018; OnnisHayden et al. 2018; Srinivasan et al. 2018; Barnard & Kobylinski 2018) have shown that it can
be more efficient than conventional EBPR because it: (1) requires smaller volume if space is a
constraint, (2) provides deeper anaerobic conditions, which promotes production of volatile fatty
acids (VFAs), thus overcoming the shortage of VFAs in wastewater influent, (3) allows for
denitrification of nitrate in the RAS before it’s returned, (4) gives an advantage for PAOs to
outcompete competing glycogen-accumulating organisms (GAOs), and (5) favors growth of a
diverse consortium of PAOs, of which some have the ability to produce VFAs and
simultaneously denitrify nitrate/nitrite, while taking up phosphorus under anoxic conditions (i.e.,
Tetrasphaera). However, EBPR via RAS fermentation comes with its challenges. If
denitrification is not complete in the mainstream, nitrate might ends up in the RAS. The presence
of nitrate in the RAS can be problematic because it inhibits fermentation and hence disrupts the
required conditions for PAOs to thrive and efficiently remove phosphorus (Coats et al. 2018,
Barnard et al. 2017, Barnard & Kobylinski 2018).
With regard to EBPR efficiency when an oxidation ditch is employed, previous studies
have reported the occurrence of EBPR in an oxidation ditch (Datta & Goel, 2010; Peng et al.,
2008; Littleton et al, 2003; Zeng, 2003), but the removal mechanisms and expected removal
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efficiency are still not well understood. Further research is needed to understand the fate of
phosphorus during simultaneous nitrification and denitrification (SND) in an oxidation ditch.
1.2. Objectives
The long-term goal of this line of research is to optimize nitrogen and phosphorus
removal and/or recovery at centralized WRFs. The overall objective of this dissertation was to
analyze strategies for managing nitrogen and phosphorus at centralized WRFs employing
different processes and configurations, such as MLE, oxidation ditch, and Bardenpho with
aerobic digestion. To accomplish this objective, I worked with different WRFs within the
Tampa Bay region: Falkenburg Advanced Wastewater Treatment Plant (FAWTP), Northwest
Regional Water Reclamation Facility (NWRWRF) with the associated Biosolids Management
Facility (BMF), and South Cross Bayou Water Reclamation Facility (SCB). FAWTP,
NWRWRF, and BMF are operated by Hillsborough County; FAWTP employs EBPR for
phosphorus removal via an anaerobic basin followed by an oxidation ditch, and NWRWRF
employs EBPR for phosphorus removal via a 5-stage Bardenpho process. SCB is operated by
Pinellas County; employs an MLE process and uses alum for phosphorus removal.
The overall objective of this dissertation was accomplished through achieving the four
following specific goals:
1. Quantitatively assess the fate of nitrogen and phosphorus (mass fluxes) at a treatment
facility (NWRWRF/BMF) that employs biological nutrient removal, aerobic
digestion, and sidestream recycle.
2. Evaluate the performance of MFC as a technology to remove nitrogen from
sidestreams at a treatment plant (NWRWRF/BMF) that employs biological nutrient
removal, aerobic digestion, and sidestream recycle.
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3. Determine the fate of phosphorus at a treatment facility (FAWTP) that employs an
oxidation ditch and is characterized by simultaneous nitrification and denitrification.
4. Assess the performance of EBPR via addition of RAS fermentation to a lab-scale
continuous treatment MLE system and a BioWin model of a treatment facility that
employs MLE (SCB).
The results from this research contribute to the following four transformations in how we
manage nutrients at WRFs, which are linked to the specific goals described above: (1) preventing
inhibition of biological process at WRFs when sidestream of aerobic digestion is recycled back
to the headworks. Sidestreams from aerobic digestion contain nitrate, which can inhibit
anaerobic conditions and the EBPR process. The use of MFC can prevent this problem by
removing nitrate from the sidestream before it’s recycled back to the headworks. (2) reducing
cost by using MFC instead of conventional denitrification. MFC is energy-passive technology
unlike conventional denitrification, which requires the purchase of external carbon source. Also,
MFC removes nitrate while simultaneously generating energy in the form of electricity, which
can offset some of the energy cost for treatment. Electricity generation using MFC can reach 12
mW per m2 of the electrode area (Lee et al. 2013). (3) reducing operational cost associated with
alum addition to remove phosphorus, SCB is a 20 MGD facility relying only on chemical
phosphorus removal. SCB adds 2,000-2,500 gal/day of alum and spends more than $400,000
yearly for alum for phosphorus removal. This can be reduced by at 25% if S2EBPR is deployed
successfully (Greeley & Hansen 2017), saving SCB at least $100,000 annually. (4) reducing
operational cost associated with aeration when SND process is used. Taken together, these four
contributions will improve treatment efficiency and reduce operational cost at WRFs.
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Chapter 2. Literature Review
2.1. Overview of Wastewater Treatment
High concentrations of nutrients in surface water can lead to eutrophication and hypoxia.
Municipal wastewater has high concentrations of nutrients such as carbon, nitrogen, and
phosphorus, which make it a source of contamination. In the United States, wastewater is treated
before it’s discharged into the surface water to prevent contamination. Wastewater is collected
and treated through either a centralized or decentralized wastewater system. Both types of
systems aim to remove solids and nutrients.
The purpose of this chapter is to briefly summarize and provide an overview of the main
objectives of water reclamation facilities (WRFs) and the configurations employed to achieve
these objectives. Additional details are subsequently provided in each individual chapter of this
dissertation.
2.2. Nutrient Removal
At centralized WRFs, biological and/or chemical processes are utilized to remove
nutrients (nitrogen, phosphorus, and carbon) from wastewater (Tchobanoglous et al., 2014).
2.2.1. Nitrogen Removal
Nitrogen can be in organic or inorganic form. Ammonium, nitrate, and nitrite are the
three inorganic forms in which nitrogen can be found in water. In raw (untreated) municipal
wastewater, inorganic nitrogen is predominantly in the form of ammonium. Ammonium is
biologically removed through two reactions, nitrification and denitrification. Nitrification is
conducted by ammonia-oxidizing bacteria (AOB) and nitrite-oxidizing bacteria (NOB).

13

Nitrification is the process by which ammonium is oxidized to nitrite then subsequently to
nitrate, using oxygen as an electron acceptor and carbon dioxide as an inorganic carbon source
(Rittmann & McCarty, 2020). The conversion of ammonium to nitrite is called nitritation and the
conversion of nitrite to nitrate is called nitration.
Nitritation : NH3 + 1.5 O2 à NO2- + H+ + H2O
Nitration : NO2- + 0.5 O2 à NO3Nitrification : NH3 + 2 O2 à NO3- + H+ + H2O
Denitrification is the process by which denitrifiers reduce nitrate to nitrogen gas.
Usually, denitrifiers at WRFs are heterotrophic, though some bacteria are capable of autotrophic
denitrification. For heterotrophic denitrifiers to thrive, anoxic conditions and an organic carbon
source should be provided.
Denitrification reaction with methanol as electron donor (Rittmann & McCarty, 2020):
5 CH3OH + 6 NO3- à 3 N2 + 5 CO2 + 7 H2O + 6 OHUsually nitrification and denitrification are sequential, first nitrification then
denitrification. However, they can occur simultaneously, in which case the process is called
“simultaneous nitrification and denitrification” (SND). SND is believed to occur by any of three
possible mechanisms (Daigger and Littleton, 2000): (1) Bioreactor macroenvironment: a single
bioreactor, such as an oxidation ditch, can contain both aerobic and anoxic microenvironments,
supporting nitrification and denitrification, respectively; (2) Floc microenvironment: a biological
floc can contain a gradient of oxygen concentration, such that nitrification occurs near the
aerated surface of the floc, and denitrification occurs in the anoxic interior of the floc; and/or (3)
Novel microorganisms: Microorganisms that use previously unrecognized biochemical pathways
are able to remove nutrients from wastewater (e.g., denitrification by PAOs).
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Other biological processes can be used to remove ammonium from wastewater, such as
partial nitritation with anaerobic ammonium oxidation (Anammox) (van Dongen et al. 2001; Fux
et al. 2002; Joss et al. 2009; Lackner et al. 2014) and shortcut nitrogen removal (Turk & Mavinic
1986; Abeling & Seyfried 1992; Yoo et al. 1999; van Kempen et al. 2001; Ciudad et al. 2005;
Mosquera-Corral et al. 2005; Peng & Zhu 2006). Anammox bacteria oxidize ammonia to
nitrogen gas, using nitrite as the electron acceptor.
Anammox: NH4+ + NO2− à N2 + 2 H2O
Shortcut nitrogen removal is achieved by controlling oxygen level and residence time to
allow only partial nitrification to occur (not allowing ammonium to go all the way to nitrate but
to nitrite instead, which would be later used as electron acceptor for denitrification). Doing so
would cut down on the required the oxygen and carbon. Hence, shortcut nitrogen removal would
reduce cost of nitrogen removal relative to conventional nitrification and denitrification.
2.2.2. Phosphorus Removal
Biological and/or chemical processes are used to remove phosphorus from WRFs.
Phosphorus in wastewater is composed of organic or inorganic phosphorus. Orthophosphate is
the predominant inorganic form of phosphorus. Usually, in raw (untreated) wastewater, about
half the total phosphorus is in the form of orthophosphate (Tchobanoglous et al. 2014).
2.2.2.1. Enhanced Biological Phosphorus Removal (EBPR)
WRFs commonly use EBPR process to remove phosphorus from wastewater. EBPR is
achieved by phosphorus accumulating organisms (PAOs) that are able to take up significant
quantities of phosphorus into their biomass. EBPR process consists of two stages: an anaerobic
stage followed by an aerobic stage (Barnard 1975). During the anaerobic stage, PAOs store
volatile fatty acids (VFAs) as polyhydroxyalkanoate (PHA) instead of their biomass and release
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phosphorus to the liquid phase (Fuhs & Chen 1975, van Loosdrecht et al. 1997, Tchobanoglous
et al. 2014). During the aerobic stage, PAOs oxidize intracellular PHA to grow and take up more
phosphorus than released in the anaerobic stage, resulting in net phosphorus removal.
2.2.2.2. Chemical Phosphorus Removal
Chemical techniques for phosphorus removal are based principally on the addition of
aluminum sulfate (alum), ferric chloride, or lime, all of which can result in the precipitation and
subsequent sedimentation of a solid compound (e.g., AlPO4) (Tchobanoglous et al. 2014). When
conditions allow successful biological treatment, it is usually preferred over chemical treatment
because it’s less costly.
2.2.3. Carbon Removal
The removal of carbon is achieved by carbon oxidation, using oxygen as electron
acceptor (Tchobanoglous, 2014). This requires a WRF to provide a sufficient supply of oxygen
via some form of aeration.
Carbon oxidation: 4 CxHyOz + (4x+y–2z) O2 à 4x CO2 + 2y H2O
2.3. WRFs Configurations
Biological nutrient removal can be achieved using different process configurations. The
most employed configurations are: modified Ludzack-Ettinger process (MLE), anaerobic/
anoxic/oxic process (A2O), five-stage Bardenpho, and oxidation ditch (Rittmann & McCarty,
2020).
2.3.1. MLE
MLE process is used to biologically remove carbon and nitrogen but not phosphorus.
MLE consists of an anoxic basin followed by an aerobic basin (Figure 2.1). The anoxic basin
supports denitrification of nitrate, while the aerobic basin supports nitrification of ammonium
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and oxidation of carbon. This process recycles nitrate from the aerobic to the anoxic basin. The
advantage of this internal recycle is that carbon in the entering wastewater can serve as carbon
source and electron donor for denitrification.

Inﬂuent

Anoxic

Aerobic

Clariﬁer

RAS

Eﬄuent

WAS

Figure 2.1. MLE configuration (RAS: Recycled activated sludge; WAS: Wasted activated
sludge)
2.3.2. A2O
This process is used to remove carbon, nitrogen, and phosphorus. A2O consists of an
anaerobic basin, followed by an anoxic basin, and then an aerobic basin (Figure 2.2). The
anaerobic basin promotes phosphorus release from the solid to the liquid phase with
accompanying generation of PHA by PAOs as prescribed previously. The anoxic basin promotes
denitrification, while the aerobic basin promotes nitrification of ammonium, oxidation of carbon,
and phosphorus uptake. During the anaerobic stage, PAOs are growing via fermentation of
exogenous organic compounds. These fermentative pathways have volatile fatty acids (VFAs),
such as acetate and propionate as end products. VFAs are polymerized into
polyhydroxyalkanoate (PHA) and stored into PAOs’ biomass. During this process, phosphorus
is released from PAOs biomass into the liquid phase (Tchobanoglous et al. 2014). During the
aerobic stage, PAOs oxidize PHA to grow and take up more phosphorus than released in the
anaerobic stage, resulting in net phosphorus removal. Internal recycle from aerobic to anoxic
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basin is provided in the configuration. As with the MLE configuration, the advantage of this
internal recycle is that carbon in entering wastewater can serve as the carbon source and electron
donor for denitrification.

Inﬂuent

Anaerobic

Anoxic

Aerobic

Eﬄuent

Clariﬁer

WAS

RAS

Figure 2.2. A2O configuration (RAS: Recycled activated sludge, WAS: Wasted activated sludge)
2.3.3. Five-Stage Bardenpho
This process is similar to A2O, but with additional anoxic and re-aeration basins (Figure
2.3). The second anoxic stage serves as a polishing step to denitrify remaining nitrate before
effluent discharge. Re-aeration basin serves to strip any nitrogen gas formed during
denitrification to prevent any settling problems in the clarifier.

Inﬂuent
Anaerobic

Anoxic

Aerobic

RAS

Second
Anoxic

Reaera:on

Eﬄuent
Clariﬁer

WAS

Figure 2.3. Five-stage Bardenpho configuration (RAS: Recycled activated sludge, WAS: Wasted
activated sludge)
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2.3.4. Oxidation Ditch
Oxidation ditch (OD) uses one reactor for carbon oxidation and nitrification. However,
SND could occur in OD, which consists of alternating aerobic and anoxic zones in one reactor.
This is accomplished by providing aeration is some zones of the OD but not others. OD is
sometimes preceded by an anaerobic basin to initiate EBPR (Figure 2.4).

Inﬂuent

Anaerobic

Oxida:on ditch

Clariﬁer

RAS

Eﬄuent

WAS

Figure 2.4. Oxidation ditch configuration (RAS: Recycled activated sludge, WAS: Wasted
activated sludge)
2.4. Sludge Management
All configurations described earlier produce waste activated sludge (WAS) as a byproduct of the treatment process, as seen in figures 2.1-2.4. The WAS goes through further
processing for stabilization of the organic matter and volume reduction of sludge (Holloway et
al. 2007). Different management processes are used, including aerobic and anaerobic digestion.
After digestion, sludge is dewatered and either hauled off to a landfill or further treated to be
used for land application as a fertilizer. The desired form of phosphorus in the sludge depends on
the final biosolid product. If the dewatered sludge is headed to a landfill, phosphorus should be
in organic form, bound tightly to the solid phase, and not likely to leach out as a
pollutant. However, if the biosolids are going to be used as a fertilizer, phosphorus is preferred
to be in orthophosphate form and easily available to plants (WEF/NBP, 2014).
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2.4.1. Aerobic Digestion
Aerobic digestion is carried out by aerobic organisms, which require oxygen supply.
Aerobic digestion is energy intensive and it is most common at smaller plants (Mavinic & Koers,
1982; Kim et al., 2002; WEF/ASCE, 2010). Aerobic digestion is easier to maintain and operate
compared to anaerobic digestion (Tchobanoglous et al. 2014).
2.4.2. Anaerobic Digestion
Anaerobic digestion is mostly employed at larger treatment plants. Anaerobic digestion
of sludge produces biogas such as methane, which can be used as a fuel in a cogeneration
process to offset the WRFs energy costs (Tchobanoglous et al. 2014). However, this process is
more complicated compared to aerobic digestion and requires high expertise to operate.
Sludge is rich in organic nitrogen and phosphorus that can be released into the liquid
phase during digestion in the form of ammonium and orthophosphate (Holloway et al. 2007).
Digestion effluent is usually centrifuged to reduce sludge volume. The centrate (supernatant) has
high concentrations of nitrogen and phosphorus and is usually sent back to the headworks. This
stream is usually referred to as a “sidestream”. This creates inefficiency where the same nutrient
molecules that have been removed earlier are sent back to the mainstream system.
2.5. References
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Chapter 3. Mass Fluxes of Nitrogen and Phosphorus through Water Reclamation
Facilities: Case Study of Biological Nutrient Removal, Aerobic Sludge Digestion, and
Sidestream Recycle1
3.1. Introduction
Water reclamation facilities use biological and/or chemical processes for removal of
nitrogen and phosphorus from wastewater (Tchobanoglous et al., 2014). Typical strategies for
removing phosphorus from municipal wastewater include (1) maintaining treatment conditions
conducive to phosphorus-accumulating organisms (PAOs) that can take up a significant amount
of phosphorus into their cell mass (known as Enhanced Biological Phosphorous Removal
(EBPR)) and (2) addition of aluminum sulfate (alum) or another coagulant (e.g., lime, ferric salt)
that precipitates phosphorus as solid phosphate (such as AlPO4). With either of these strategies,
phosphorus is transferred from the liquid phase to a solid (sludge) phase – either the bacterial
biomass or an alum (or similar) precipitate. For nitrogen, the principal mode of removal is
nitrification/denitrification, i.e., converting ammonium to nitrogen gas, which then exits the
system via volatilization. However, a significant fraction of the nitrogen removal also occurs by
biological assimilation and, hence, transfer of nitrogen to the solid (sludge) phase. Thus, when
activated sludge is “wasted” from the treatment system, phosphorus and nitrogen contained in
the sludge are transferred from the main treatment train to the solids-handling treatment train.
Reprinted with permission from WER: Kassouf H., Garcia-Parra A., Mulford L., Iranipour G.,
Ergas S.J., Cunningham J.A. Mass fluxes of nitrogen and phosphorus through water reclamation
facilities: Case study of biological nutrient removal, aerobic sludge digestion, and sidestream
recycle. Water Environment Research, 2020, 92, 478-489. Permission is included in Appendix
A.
1
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The benefit of this mode of operation is that it allows the water reclamation facilities to meet
their permit requirements for nitrogen and phosphorus (hereafter referred to jointly as
“nutrients”) in the treated effluent.
However, if sludge is digested (either aerobically or anaerobically), significant fractions
of the nitrogen and phosphorus contained in the sludge are likely to be re-released back into the
liquid phase (e.g., Münch & Barr 2001; Ju et al., 2005; Phillips et al. 2006; Holloway et al. 2007;
Martí et al. 2010). This can be problematic because the liquid portion of the digester effluent
(sometimes called the “sidestream” or the “centrate”) is typically returned to the headworks of
the mainstream treatment facility, thereby recycling the nitrogen and phosphorus back into the
system. This represents a significant inefficiency, which carries a concomitant economic cost
when additional alum must be purchased to remove the same phosphorus molecules over and
over again (Murakami et al., 1987). Furthermore, recycling of nitrogen back to the mainstream
treatment process is not only inefficient (i.e., increasing aeration costs for nitrification and/or
organic carbon costs for denitrification), but also may interfere with biological processes in the
mainstream treatment if concentrations of NH4+ or NO3– are high enough to be inhibitory or to
otherwise upset the treatment processes. In particular, EBPR typically requires strict anaerobic
conditions in the fermentation stage (e.g., as part of a 5-stage Bardenpho process), and recycling
NO3– from solids handling to the fermentation basin may alter the oxidation-reduction conditions
required by PAOs (Pitman, 1999; Seviour et al., 2003).
This inefficient mode of nitrogen and phosphorus management is practiced widely at
treatment facilities across the United States and Europe (Jardin & Pöpel, 1994; Wild et al., 1997;
Holloway et al., 2007; WEF/ASCE, 2010). Because of the recent recognition of the expense
induced by recycling of nutrients, a number of technologies have been proposed to remove or
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recover nutrients from liquid sidestreams (Woods et al., 1999; WEF/ASCE, 2010; Bauer et al.,
2016). If nutrients can be inexpensively removed from the sidestream (or kept out of the
sidestream in the first place), the sidestream can be returned to the main treatment system
without re-introducing the nutrients.
At treatment facilities where sludge is digested anaerobically, a number of methods for
removing or recovering nitrogen and phosphorus from the sidestream are currently available.
For instance, nitrogen and phosphorus can be recovered through engineered precipitation of
struvite (Battistoni et al., 2000; Shu et al., 2006; LeCorre et al., 2009; Latimer et al., 2015; AbelDenee et al., 2018). Alternatively, nitrogen can be removed through advanced biological
processes such as “shortcut” nitrogen removal (Turk & Mavinic, 1986; Abeling & Seyfried,
1992; Yoo et al., 1999; van Kempen et al., 2001; Ciudad et al., 2005; Mosquera-Corral et al.,
2005; Peng & Zhu, 2006) or partial nitritation with anaerobic ammonium oxidation (anammox)
(van Dongen et al., 2001; Fux et al., 2002; Joss et al., 2009; Lackner et al., 2014).
However, usually only the largest treatment facilities employ anaerobic digestion; smaller
facilities (those that treat less than about 19,000 m3/d) are much more commonplace, and these
usually rely on aerobic digestion (Mavinic & Koers, 1982; Kim et al., 2002; WEF/ASCE, 2010).
For such facilities, nitrogen in the sidestream might be in the form of nitrate, not ammonium,
especially if the residence time in the aerobic digestion process is sufficiently high (Mavinic &
Koers, 1982; Pitman, 1999). This likely precludes struvite precipitation for nutrient removal.
Denitrification for nitrate removal from the sidestream may be viable, but it may require addition
of an external carbon source and electron donor, and would not result in significant phosphorus
removal.
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Overall, then, it is not yet clear how best to manage nutrients in aerobic sidestreams,
because several key questions have not yet been answered. Of the nitrogen and phosphorus
routed to solids handling, what fractions are eventually recycled back to mainstream treatment
via the sidestream? Do the loadings of nitrogen and phosphorus in the sidestream represent
significant fractions of overall nutrient loadings to the mainstream treatment process? Is
nitrogen in these sidestreams principally in the form of ammonium or nitrate (cf. Mavinic &
Koers, 1982)? Are the concentrations and fluxes of inorganic nitrogen in the sidestream high
enough to interfere with EBPR in the mainstream treatment process? Bishop & Farmer (1978),
Matsuda et al. (1988), Tonkovic (1999), Anderson & Mavinic (1993), Kim et al. (2002), and Ju
et al. (2005) have partially addressed these questions in bench- or pilot-scale systems, but to the
best of our knowledge, there has not yet been an investigation of nutrient mass fluxes at a fullscale facility employing aerobic digestion.
Therefore, towards answering the questions posed above, the overall objective of this
chapter is to quantitatively assess the fate of nitrogen and phosphorus at treatment facilities that
employ biological nutrient removal (BNR), aerobic digestion, and sidestream recycle. The
Northwest Regional Water Reclamation Facility (NWRWRF) and the adjoining Biosolids
Management Facility (BMF) in Hillsborough County, Florida, are used as a case study to achieve
this objective. Specific goals are (1) to estimate average mass loadings of nitrogen and
phosphorus in all major streams at NWRWRF and BMF, i.e., to conduct a mass balance, (2) to
quantify the significance of the sidestream return from BMF as a source of nitrogen and
phosphorus to NWRWRF, (3) to determine if that sidestream return is interfering with BNR
processes at NWRWRF, and (4) to recommend possible process changes that may improve
facility performance.
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Similar mass-balance studies at wastewater treatment plants have been conducted
previously for applications such as calibrating process simulation models (Nowak et al. 1999),
estimating the potential for phosphorus recovery (Venkatesan et al. 2016), and determining the
fate of heavy metals (Karvelas et al. 2003) or fluorochemicals (Schultz et al. 2006). The current
effort described herein has been undertaken through a University-Utility Partnership between the
University of South Florida and Hillsborough County Public Utilities, as described elsewhere
(WEF/WRF/LIFT, 2017). It is envisioned that the results of this investigation will provide
valuable information for Hillsborough County to optimize its operations at NWRWRF and BMF,
and will simultaneously provide a baseline for the analysis of similar water reclamation facilities
across the country. In particular, the results of this study may enable Hillsborough County and
other utilities to develop strategies for nutrient management in aerobic digestion sidestreams.
3.2. Materials and Methods
3.2.1. Site Description
The Northwest Regional Water Reclamation Facility (NWRWRF) serves residents of
northwest Hillsborough County, Florida, who live in the Tampa metropolitan area but outside the
service area of the City of Tampa. NWRWRF is currently undergoing an expansion, but at the
time this work was performed, NWRWRF received a daily average flow rate of approximately
25,000 m3/d (6.5 million gallons per day (mgd)) of municipal wastewater, with a permitted
average daily flow of 38,000 m3/d (10 mgd). The facility’s permitted discharge limits (annual
averages) are 5 mg/L of biochemical oxygen demand (BOD5), 5 mg/L of total suspended solids
(TSS), 3 mg/L of total nitrogen (TN), and 1 mg/L of total phosphorus (TP).
Pre-treatment at NWRWRF includes screening and grit removal. The mainstream
biological treatment process at NWRWRF includes biological nutrient removal and is similar to
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a 5-stage Bardenpho process. Specifically, the treatment consists of (1) fermentation basin,
(2) primary anoxic basin for denitrification, (3) aeration basin for BOD consumption, biological
phosphorus uptake, and nitrification, (4) secondary anoxic basin for denitrification, and (5) reaeration basin for nitrogen gas stripping and prevention of phosphorus release in the clarifier.
Following these five stages, wastewater is sent to a clarifier, where sludge is separated from
effluent wastewater by gravity settling, and alum is dosed on an as-needed basis for chemical
phosphorus removal. Most of the settled sludge is sent back to the plant headworks as return
activated sludge (RAS), and the remainder is wasted as waste activated sludge (WAS). Liquid
effluent from the clarifier is filtered and disinfected, and the final effluent is either provided to
customers as reclaimed water or else discharged to surface water.
WAS from the clarifiers is mixed with WAS and primary clarifier sludge transported
from other Hillsborough County wastewater treatment facilities (River Oaks, Dale Mabry, and
van Dyke facilities), then routed to the neighboring Biosolids Management Facility (BMF). At
BMF, mixed sludge is dewatered by gravity belt thickeners (GBTs) and then aerobically digested
for solids volume reduction and stabilization. Effluent from the aerobic digesters is centrifuged
to produce a “cake” that is 23% solids by mass. Centrifuge centrate and GBT filtrate are
combined into one stream, which is recycled back to the headworks of NWRWRF as a
“sidestream”.
NWRWRF and BMF are equipped with supervisory control and data acquisition
(SCADA) systems. Hillsborough County continuously monitors specific streams and parameters
for process control; other streams (e.g., NWRWRF influent, reclaimed water) are not monitored
continuously, but are analyzed on a regular basis for regulatory purposes. However, many
streams (e.g., GBT filtrate, BMF sidestream) are monitored on a less frequent basis, and usually
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not for a full suite of water-quality parameters. To conduct a complete mass balance for nitrogen
and phosphorus around NWRWRF and BMF, it was important not only to review existing data,
but also to establish a monitoring plan to fill in any gaps in the existing database.
3.2.2. Sampling Campaigns
To estimate mass fluxes of nitrogen and phosphorus through the treatment trains at
NWRWRF and BMF, six sampling campaigns were conducted between May 2017 and
November 2017 (one campaign per month). Samples were collected at NWRWRF and at BMF
at the sampling locations indicated in Figure 3.1 and Figure 3.2. There were 9 sampling
locations at NWRWRF: influent without return activated sludge (RAS), influent mixed with
RAS, effluent of fermentation basin, effluent of first anoxic basin, effluent of aerobic basin,
effluent of second anoxic basin, effluent of re-aeration basin, RAS (taken close to the clarifier),
and treated effluent (upstream of disinfection). There were 7 sampling locations at BMF:
effluent of aerated sludge holding tank (i.e., plant influent), filtrate from gravity belt thickeners
(GBTs), thickened sludge from GBTs, effluent from aerobic digesters (digested sludge),
centrifuge centrate, centrifuge cake, and sidestream return (mixture of GBT filtrate and
centrifuge centrate).
A combination of grab samples and 24-hr composite samples were collected during the
sampling campaigns. For the first three campaigns, we only collected grab samples. For the last
three campaigns, at NWRWRF, 24-hour composite samples were collected for the plant influent,
fermentation basin effluent, aerobic basin effluent, and plant effluent; at BMF, composite
samples were collected for the influent, effluent, and sidestream.
During each sampling campaign, volumetric flow rates of relevant streams were supplied
by operations staff from the SCADA systems at NWRWRF and BMF.
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Figure 3.1. Sampling locations at the Northwest Regional Water Reclamation Facility
(NWRWRF). Flow diagram provided by Hillsborough County Public Utilities.

Figure 3.2. Sampling locations at the Biosolids Management Facility (BMF). Flow diagram
provided by Hillsborough County Public Utilities.
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3.2.3. Laboratory Analyses
Samples were transported from NWRWRF or BMF on ice to the University of South
Florida for laboratory analysis. Unfiltered samples were analyzed as soon as they arrived at the
laboratory for total concentrations (mg/L) of TP, TN, and chemical oxygen demand (COD).
Then, a volume of 150 mL from each sample was centrifuged, filtered, and stored at 4 °C for
further analyses of aqueous-phase concentrations (mg/L) of TP, TN, COD, ammonium, nitrate,
nitrite, and orthophosphate. Selected samples were also analyzed for concentrations of volatile
fatty acids (mg/L as acetate). Samples were analyzed in duplicate. Analytical methods
developed and employed for this analysis are listed in Table 3.1.

Table 3.1. Analytical methods developed and employed
Analyte

Method

Instrument or Kit Employed

APHA (2012) Standard

Hach reagent kit and pre-calibrated

Method 4500-P-E

spectrophotometer

Ion chromatography and

Metrohm 850 ion chromatrograph, Hach

APHA (2012) Standard

reagent kit with pre-calibrated

Method 4500-P-E

spectrophotometer

APHA (2012) Standard

Hach reagent kit and pre-calibrated

Method 4500-N

spectrophotometer

Ion chromatography and

Metrohm 850 ion chromatrograph, Timberline

ammonium analyzer

ammonia analyzer instrument TL-2800

Ion chromatography and

Metrohm 850 ion chromatrograph, Timberline

ammonium analyzer

ammonia analyzer instrument TL-2800

Ion chromatography and

Metrohm 850 ion chromatrograph, Timberline

ammonium analyzer

ammonia analyzer instrument TL-2800

Chemical oxygen

APHA (2012) Standard

Hach reagent kit and pre-calibrated

demand (COD)

Method 5220B

spectrophotometer

Volatile fatty acids

Esterification (Hach method

Hach reagent kit and pre-calibrated

(VFAs; as acetate)

10240)

spectrophotometer

Total phosphorus (TP)

Orthophosphate

Total nitrogen (TN)
Ammonium (NH4+)
Nitrite (NO2–)
Nitrate (NO3–)
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3.2.4. Data Reconciliation
A central objective of this project was to estimate mass fluxes (also called mass loadings)
of nitrogen and phosphorus through the treatment trains at NWRWRF and BMF. The process of
estimating steady-state flow rates and mass loading rates from a series of observations or
measurements has been well studied in the literature, and is often referred to as “data
reconciliation” (e.g., Tamhane & Mah, 1985; Crowe, 1996; Meijer et al., 2002; Ozyurt & Pike,
2004; Puig et al. 2008; Le et al., 2018). In theory, volumetric flow rates and mass loadings of
conservative chemical species (e.g., total phosphorus) should obey balance equations, i.e., the
flow rate (or mass loading) entering a reactor should equal the flow rate (or mass loading) exiting
that reactor at steady state. In practice, however, measured flow rates and concentrations might
not adhere to the theoretical balance equations because of observational or analytical errors.
Data reconciliation is “the procedure of optimally adjusting measured data so that the adjusted
values obey the conservation laws and other constraints” (Crowe, 1996). The adjusted
measurements “are therefore more accurate than the original [measured] values” (Le et al.,
2018).
Here, we have applied the data reconciliation methods of Tamhane & Mah (1985) to
estimate steady-state mass loadings of total phosphorus, total nitrogen (both unfiltered and
aqueous-phase), nitrate and nitrite (considered jointly), and ammonium through NWRWRF and
BMF. The methods employed also allow the estimation of some reaction rates, e.g., removal
rates for nitrogen via nitrification-denitrification. The data reconciliation procedures employed
here are described in detail in Appendix B.
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3.3. Results and Discussion
3.3.1. Fate of Nitrogen at NWRWRF
We verified that NWRWRF is successfully removing nitrogen from the influent
wastewater. A mass balance for the loading of total nitrogen (based on unfiltered samples)
through NWRWRF is shown in Figure 3.3; Figure 3.4 shows the mass balance for nitrogen in the
liquid phase. Details on the estimation of the mass loadings shown in these Figures are provided
in Appendix B. As can be seen in Figure 3.3, a little less than 1900 kg/d of nitrogen enters
NWRWRF on average (including nitrogen that is recycled from BMF). Of this, about 1350 kg/d
is removed via nitrification/denitrification, about 70 kg/d exits in the treated effluent, and about
450 kg/d is assimilated into biomass and then sent to BMF as WAS. This means that NWRWRF
successfully removes over 96% of entering nitrogen from the treated wastewater.
Of the ~1350 kg/d that is removed via nitrification/denitrification, nearly 50% (about 650
kg/d) occurs in the fermentation basin, which is a surprising result. Generally, nitrogen removal
is expected to occur by nitrification and denitrification in the aerobic and anoxic basins,
respectively, and little removal is expected in the fermentation basin; however, at NWRWRF,
significant nitrogen removal was observed in the fermentation basin. Furthermore, Figure 3.4
shows that over half of the nitrogen removed in the fermentation basin was in the form of
ammonium (374 kg/d), the mechanism of which is not clear. Possible ammonium removal
mechanisms to consider are volatilization, nitrogen assimilation by microorganisms, and/or
simultaneous nitrification and denitrification (SND). Since the pH in the fermentation basin was
consistently below 8.0, the possibility of ammonium volatilization is unlikely. Also, based on
typical bacterial growth rates, the hydraulic residence time in the fermentation basin is not
expected to be long enough to result in significant assimilation of either organic or inorganic
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nitrogen. Therefore, ammonium removal in the fermentation basin is most likely attributed to
SND. Furthermore, as will be described subsequently, uptake of phosphorus from the aqueous
phase was observed in the fermentation basin; this may indicate that putative SND in the
fermentation basin is mediated by dentrifying PAOs (cf. Hu et al. 2002; Lanham et al. 2018;
Marques et al. 2018; Xu et al. 2019), and/or that the system is exhibiting simultaneous
nitrification, denitrification, and phosphorus removal (SNDPR; cf. Zeng et al. 2003; Wang et al.
2015; Yang et al. 2016).
To further investigate the possibility of SND occurrence in the fermentation basin,
dissolved oxygen (DO) was measured and was always around 0.23 mg/L. This value falls in the
range between 0.2 and 0.6 mg/L, which has been observed to result in complete SND according
to a recent study by Klaus & Jimenez (2018). Based on an observed COD-to-nitrogen ratio of
about 1.3 in the fermentation basin, we speculate that the underlying mechanism for SND is
nitritation-deammonification (i.e., anaerobic ammonium oxidation or anammox), because Klaus
& Jimenez (2018) found this mechanism is favored for COD-to-nitrogen ratios between 1 and 3.
SND via nitritation and anammox has been demonstrated previously (e.g., Chen et al. 2009;
Liang et al. 2014). However, the conclusion of nitritation-deammonification is only speculative
at this point, and would require additional work to confirm. We also note that Barnard &
Kobylinski (2018) recently observed that mixing of fermentation basins can have the undesirable
effect of entraining dissolved oxygen, which may explain the presence of dissolved oxygen in
the fermentation basin at NWRWRF, but this is also speculative.
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Figure 3.3. Mass loadings of total nitrogen (unfiltered samples) through NWRWRF.

Figure 3.4. Mass loadings of aqueous-phase nitrogen species through NWRWRF. Top number:
aqueous-phase total nitrogen mass loading; middle number: ammonium mass loading; bottom
number: nitrate+nitrite mass loading.
3.3.2. Fate of Nitrogen at BMF
Nitrogen entering BMF was mainly in solid phase, in biomass present in the WAS from
NWRWRF and in sludge sent to BMF from the other nearby water reclamation facilities. A
mass balance for total nitrogen (based on unfiltered samples) through BMF is shown in Figure
3.5. The average mass loading of total nitrogen entering BMF is about 1300 kg/d, of which only
~1% is in the dissolved (aqueous) phase, with the remaining ~99% in the solid phase.
A surprising result is that about 10–15% of total nitrogen entering BMF was removed in
the GBTs. This was unexpected because biological and chemical reactions are expected to be
negligible during the thickening process. Also, ammonium volatilization seems unlikely because
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nitrogen at BMF was present mainly in the solid phase. A plausible hypothesis is that nitrate is
formed in the aerated sludge holding tanks (see Figure 3.2) and then denitrification occurs in the
GBTs due to the high concentration of bacteria in the sludge. However, this hypothesis is not
supported by measurements of very low concentrations of nitrate entering the GBTs (see
Appendix B). Therefore, at the present time, we are not able to explain the observed removal of
nitrogen during the thickening process. The nitrogen removal observed in the aerobic digesters
(~300 kg/d) is not surprising; the aerobic digestion process was run intermittently, not
continuously, and it has been observed previously that denitrification can occur in aerobic
digesters when the concentration of dissolved oxygen drops low enough (e.g., Kim et al., 2002).
Some nitrogen release from the solid phase to the liquid phase during aerobic digestion
was observed at BMF, as expected. The loading of nitrogen in the liquid (dissolved) phase
increased from 4 kg/d entering the digesters to 20 kg/d exiting the digesters. This is generally
consistent with previous observations of nitrogen release during aerobic digestion (e.g., Bishop
& Farmer, 1978; Matsuda et al., 1988; Anderson & Mavinic, 1993; Kim et al., 2002).
The release of nitrogen from the solid phase during aerobic digestion did not result in a
high flux of nitrogen returning to NWRWRF. The total nitrogen loading that ended up in the
sidestream (return to NWRWRF) was about 51 kg/d, which represents less than 3% of the
overall nitrogen flux of ~1900 kg/d entering NWRWRF (see Figure 3.3). However, the
relatively small amount of nitrogen that returns to NWRWRF in the sidestream is largely in the
form of nitrate, which is important because it may inhibit fermentation in the mainstream
treatment process at NWRWRF (e.g., Pitman, 1999), consistent with observations discussed
above and subsequently.
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Figure 3.5. Mass loadings of total nitrogen (unfiltered samples) through BMF
3.3.3. Fate of Phosphorus at NWRWRF
We verified that NWRWRF is successfully removing phosphorus from the influent
wastewater. A mass balance for the flux of total phosphorus (based on unfiltered samples)
through NWRWRF is shown in Figure 3.6; Figure 3.7 shows the mass balance for phosphorus in
the liquid phase. Details on the estimation of the mass loadings shown in these Figures are
provided in Appendix B. As can be seen from Figure 6, about 384 kg/d of phosphorus enters
NWRWRF on average (including phosphorus that is recycled from BMF). Of this, about 360
kg/d is removed via incorporation in the solid phase, either through EBPR or through alum
precipitation, and subsequently wasted to BMF. About 24 kg/d exits NWRWRF in the treated
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effluent. This means that NWRWRF successfully removes over 93% of entering phosphorus
from the wastewater.
Figure 3.7 indicates that EBPR is working, but is not following the typical pattern
expected for a 5-stage Bardenpho process. The flux of phosphorus in the liquid phase is about
1,213 kg/d entering the first anoxic/aerobic basins, and only 288 kg/d exiting the aerobic basin,
which indicates that the other 925 kg/d was taken up by phosphorus-accumulating organisms
(PAOs). This indicates that phosphorus removal by EBPR is in the range typically reported in
the literature (cf. Tchobanoglous et al., 2014). However, a surprising observation is that there
was no phosphorus release from the solid phase to the liquid phase in the fermentation basin,
which is generally expected to occur during EBPR. In fact, it appears that there may have been a
moderate amount (~300 kg/d) of phosphorus uptake in the fermentation basin, rather than
phosphorus release. The concentration of dissolved oxygen in the fermentation basin was around
0.2 mg/L, and the concentration of nitrite and nitrate was around 0.6–1.3 mg/L as N. As noted
above, these concentrations are consistent with a hypothesis that simultaneous nitrification and
denitrification were occurring in the fermentation basin; this may indicate that redox conditions
were denitrifying (anoxic) rather than fully anaerobic. We therefore speculate that the recycle of
nitrate from BMF to NWRWRF (coupled with a low concentration of entrained dissolved
oxygen) may be interfering with the expected operation of the fermentation basin.
However, it appears that phosphorus release is occurring in the return activated sludge
(RAS) before the RAS reaches the fermentation basin. Figures 6 and 7 show that the overall flux
of phosphorus in the RAS is about 6333 kg/d, but only 125 kg/d is in the liquid phase. Also, the
flux of phosphorus in the liquid phase of the plant influent is about 262 kg/d. Therefore, when
these two streams are combined to enter the fermentation basin, we might expect a liquid-phase
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phosphorus loading of about 387 kg/d. However, the observed flux of phosphorus in the liquid
phase entering the fermentation basin is over 1500 kg/d. This suggests that about 1100 kg/d
were released from the RAS prior to entering the fermentation basin. In other words, it appears
that fermentation and phosphorus release occur in the RAS line, and some phosphorus uptake by
PAOs is occurring in the fermentation basin. This may explain the overall success of EBPR at
NWRWRF even though the fermentation basin is not operating as expected.
Consistent with this hypothesis is the fact that little or no production of volatile fatty
acids (VFAs) occurs in the fermentation basin. The average concentration of VFAs entering the
fermentation basin is about 460 mg/L (as acetic acid), and the average concentration exiting the
fermentation basin is about 470 mg/L, a gain of only 10 mg/L (data provided in Appendix B).
This indicates that either VFAs are not produced in the fermentation basin, or else VFAs are
produced but taken up by PAOs (and stored as polyhydroxyalkanoates) at the same rate.
Because uptake of VFAs and storage as polyhydroxyalkanoates are typically fueled by
metabolism of stored polyphosphates and concomitant release of phosphorus by PAOs, but no
release of phosphorus was observed, it therefore seems unlikely that significant VFA uptake is
occurring. Hence, the data support the hypothesis that the fermentation basin is not operating as
intended, i.e., little or no fermentation is occurring.
The apparent fermentation and phosphorus release in the RAS line is surprising because
the average hydraulic residence time in the RAS line is short (minutes). However, it may be that
the RAS line contains “pockets” or “dead zones” with longer hydraulic residence time, sufficient
to initiate EBPR. Future work may wish to verify or further investigate the hypothesis that
fermentation and phosphorus release are occurring in the RAS line.
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Figure 3.6. Mass loadings of total phosphorus (unfiltered samples) through NWRWRF.

Figure 3.7. Mass loadings of aqueous-phase total phosphorus (filtered samples) through
NWRWRF.
3.3.4. Fate of Phosphorus at BMF
Phosphorus entering BMF was mainly in solid phase, in biomass present in the WAS
from NWRWRF and in sludge sent to BMF from the other nearby water reclamation facilities.
A mass balance for total phosphorus through BMF (based on unfiltered samples) is shown in
Figure 3.8. The average mass loading of total phosphorus entering BMF is 535 kg/d, of which
only about 1–2% is in the dissolved (aqueous) phase, with the remaining >98% in the solid
phase. Of the 535 kg/d entering BMF, about 360 kg/d (~67%) comes from NWRWRF, with
~175 kg/d (~33%) coming from the other facilities.
A significant release of phosphorus, about 185 kg/d, from the solid phase to the liquid
phase was observed during aerobic digestion. The fraction of phosphorus in the liquid went from
less than 1% in the influent of the aerobic digesters to 36% in the effluent of the aerobic
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digesters. This is important, because most of the phosphorus in the liquid phase ends up in the
sidestream that is returned to NWRWRF. Consequently, about 165 kg/d are returned from BMF
to NWRWRF, most of which was released into the liquid phase during aerobic digestion.
The 165 kg/d returned from BMF to NWRWRF represents nearly half of the overall
phosphorus loading into NWRWRF (Figure 6). This means that, most likely, NWRWRF is
spending additional money on alum to remove phosphorus that had already been removed once
but was subsequently released and recycled. Furthermore, recycle of phosphorus from BMF to
NWRWRF is exacerbated by the fact that BMF receives sludge from not only NWRWRF, but
also from other nearby treatment facilities. This increases the overall loading of phosphorus into
BMF and, consequently, increases the rate of phosphorus recycle from BMF back to NWRWRF.
As noted above, about 67% of the phosphorus entering BMF comes from NWRWRF, and about
33% comes from the other treatment facilities; therefore we estimate that, of the 165 kg/d
returned from BMF to NWRWRF, about 110 kg/d is phosphorus that had already been removed
previously at NWRWRF.
In the future, Hillsborough County may wish to consider if it would be economically
beneficial to remove or recover phosphorus from the BMF sidestream. Because the sidestream
does not contain ammonium, it would not be feasible to use engineered struvite precipitation for
phosphorus removal/recovery; however, other technologies have also been proposed for this
purpose, e.g., zirconium-based adsorbents (Ohura et al., 2011; Podstawczyk et al., 2017) or
precipitation as calcium phosphate (Barua et al., 2019; Shaddel et al., 2019).
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Figure 3.8. Mass loadings of total phosphorus (unfiltered samples) through BMF.
3.3.5. Validation of Mass Loading Estimates
Estimates of nitrogen and phosphorus mass loadings reported above and in Figures 3.33.8 are based on results from the sampling campaigns, with details of the estimation process
provided in Appendix B. To validate these estimates, results from this study were compared to
data gathered independently by Hillsborough County as a regular part of facility operation and
monitoring for three of the sampling locations; see Table 3.2. The comparison indicated very
good agreement, thereby lending additional confidence that the results reported in this chapter
(as well as those gathered by Hillsborough County) are reliable.
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Table 3.2. Comparison of estimates of nitrogen and phosphorus mass loadings
Total Nitrogen (tn)
Mass Loading (kg/d)
Hillsborough
This study
Countya

Total Phosphorus (tp)
Mass Loading (kg/d)
Hillsborough
This study
Countya

1268b

1370b

384

345

Effluent from NWRWRF

58

59

24

11

BMF sidestream

51

148

165

187

Influent to NWRWRF

a

Estimates from Hillsborough County were calculated as the product of average daily flow rates
times long-term average concentrations.

b

represents aqueous-phase total nitrogen for this study, and total Kjeldahl nitrogen for the
Hillsborough County estimate

3.3.6. Implications and Recommendations
Although Hillsborough County consistently meets its discharge permit requirements at
NWRWRF, the results obtained here provide opportunities for improved operation at
NWRWRF, and perhaps at other treatment facilities that employ biological nutrient removal,
aerobic digestion, and sidestream recycle. First, such facilities may wish to investigate methods
for removing or recovering phosphorus from their sidestreams: based on NWRWRF and BMF,
this may reduce the overall phosphorus load to the main treatment facility by up to 50%, which
could represent a significant economic savings if phosphorus removal is achieved (partly or
wholly) via chemical addition. Removal of nitrogen from the sidestream appears to be lower
priority because the nitrogen fluxes are relatively small, and because the interference caused by
recycle of nitrate (i.e., alteration of redox conditions in the anaerobic or fermentation basin) can
apparently be overcome by fermentation in the RAS line. To minimize interference of the
sidestream with the EBPR process, Hillsborough County could consider re-plumbing to
introduce the sidestream downstream of the fermentation basin.
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Additional research is recommended to verify some of the hypotheses or tentative
conclusions from this study. For instance, at NWRWRF, the results presented here suggest that
simultaneous nitrification and denitrification are occurring the fermentation basin, that SND in
the fermentation basin may be linked to anammox and/or to denitrifying PAOs, and that VFA
production and phosphorus release are occurring in the RAS line despite a short hydraulic
residence time (minutes). Confirmation of these tentative conclusions would enable further
optimization of operations at NWRWRF and would also be valuable for other similar facilities
across the country. For instance, verification of fermentation in the RAS line might enable
application of “sidestream EBPR” (cf. Vollertsen et al. 2006).
3.3.7. Limitations of this Study
The principal challenge in this study is the determination of representative mass balances
for nitrogen and phosphorus at NWRWRF and BMF from a limited number of sampling
campaigns. Although this has been achieved using widely accepted data reconciliation practices
(as detailed in Appendix B), certain limitations must be noted. For example, the analysis
performed here results in estimates of steady-state mass loadings, but the treatment facilities do
not operate under perfectly steady-state conditions; flow rates and influent mass loadings vary
throughout the day, and also differ between weekdays and weekends (Sunol et al. 2017). Related
to this, many of the samples collected and analyzed in this study were grab samples that
represent facility operation at only a single point in time, and may not necessarily be
representative of average or steady-state behavior. Despite these limitations, the mass loadings
presented herein (Figures 3–8) are very consistent with long-term observations made by
Hillsborough County personnel, and are believed to be representative of typical or time-averaged
operating conditions at NWRWRF and BMF.
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Appendix B provides quantification of the variability in the measured data (see
coefficients of variation in Tables B1 through B11), which can serve as an approximation of the
uncertainty in the estimates given in Figures 3.3–3.8. For example, measured concentrations of
total phosphorus at NWRWRF (Table B2) are fairly consistent: the coefficient of variation is
below 15% for most of the sampled locations. Therefore, the estimates provided in Figure 3.6
are probably close to actual facility conditions most of the time. In comparison, the aqueousphase total nitrogen concentrations at BMF (Table B11) are relatively variable. Therefore, the
“percent in liquid” numbers provided on Figure 3.5 may be less precise (not necessarily less
accurate) estimates.
To further improve estimates and understanding of facility operations, efforts are
currently underway to build a dynamic model of NWRWRF and BMF using a process simulation
tool such as BioWin, GPS-XTM, or Sumo©, but that effort is beyond the scope of the current
study. The data gathered as part of the current study may be useful to help calibrate such a
dynamic process simulation model.
3.4. Summary and Conclusions
Mass fluxes of nitrogen and phosphorus were quantified through the treatment trains at
the Northwest Regional Water Reclamation Facility (NWRWRF) and the adjoining Biosolids
Management Facility (BMF) in Hillsborough County, Florida. NWRWRF employs biological
nutrient removal in a configuration similar to a 5-stage Bardenpho process. BMF employs
aerobic digestion for solids volume reduction and stabilization. A liquid “sidestream” is returned
from BMF to NWRWRF.
NWRWRF removes over 96% of entering nitrogen, principally through nitrificationdenitrification in aerobic and anoxic reactors, as expected. However, we also observed
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significant nitrogen removal in the fermentation basin, suggesting that simultaneous nitrification
and denitrification are occurring in that reactor, and indicating that oxidation-reduction (redox)
conditions in the reactor are denitrifying rather than truly anaerobic. We tentatively attribute this
to the presence of nitrate in the sidestream that returns from BMF to the fermentation basin at
NWRWRF, and to the entrainment of low levels (0.2–0.3 mg/L) of dissolved oxygen.
Nearly half of the overall phosphorus flux into NWRWRF is recycled from the BMF
sidestream. This leads to an increased cost of treatment, e.g., for alum used in phosphorus
removal at NWRWRF. Furthermore, EBPR at NWRWRF did not occur as expected:
specifically, we did not observe phosphorus release or production of volatile fatty acids in the
fermentation basin, likely due to the prevalence of denitrifying rather than anaerobic redox
conditions. However, it appears that fermentation (production of volatile fatty acids) and release
of phosphorus may occur in the return activated sludge line (despite the relatively short residence
time in that line), which supports EBPR and partially compensates for denitrifying redox
conditions in the fermentation basin. Therefore, overall, NWRWRF is able to meet its permit
limits for phosphorus through a combination of EBPR and alum addition.
Although the mass loadings measured here are particular to the treatment systems under
consideration, the general trends observed are likely to apply to many similar facilities that
employ biological nutrient removal, aerobic digestion, and sidestream recycle. We recommend
that such facilities consider (1) removal or recovery of phosphorus from their sidestreams and
(2) returning sidestreams downstream of fermentation basins in the mainstream treatment
process to avoid interference with the EBPR processes.
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Chapter 4. Treatment of an Aerobic Digester Sidestream in a Microbial Fuel Cell:
Nitrate Removal and Electricity Generation2
4.1. Introduction
The treatment of waste activated sludge at water reclamation facilities (WRFs) is often
inefficient in the respect that nutrients (nitrogen and phosphorus) may be recycled internally
multiple times before removal or recovery. Waste activated sludge produced by the mainstream
treatment processes typically undergoes aerobic or anaerobic digestion for stabilization and
volume reduction. The digester effluent is then dewatered, producing thickened biosolids along
with a liquid stream, the latter of which is usually rich in nitrogen and phosphorus (Jardin and
Pöpel 1994; Wild et al. 1997; Pitman 1999; Tonkovic 1999). This liquid stream, commonly
called the sidestream, is typically returned back to the headworks of the WRF, thereby also
returning nitrogen and phosphorus to the mainstream treatment process (Münch and Barr 2001;
Ju et al. 2005; Phillips et al. 2006; Holloway et al. 2007; Martí et al. 2010).
The recycle of nutrients in the sidestream is problematic because it requires the same
nitrogen and phosphorus molecules to be removed from the liquid wastewater multiple times.
This induces additional cost, e.g., for increased aeration or increased chemical addition
(Murakami et al. 1987; Martí et al. 2010). Moreover, concentrations of NH4+ or NO3– in the
sidestream are sometimes high enough to be inhibitory to mainstream treatment processes, or to
interfere with required oxidation-reduction conditions in those processes (Pitman 1999; Seviour
This chapter has been accepted for publication in the ASCE Journal of Environmental
Engineering, but, as of the time of the submission of this dissertation, it has not yet been
published, and copyright has not yet been transferred to the publisher.
2
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et al. 2003; Chapter 3). To avoid these problems, it has been recommended that nitrogen and
phosphorus should be removed or recovered from the digester sidestream before it is returned to
the WRF headworks (Woods et al. 1999; WEF/ASCE 2010; Bauer et al. 2016; Chapter 3).
Several methods of managing nutrients in digester sidestreams have been developed for
facilities that practice anaerobic digestion. These methods can be broadly divided into chemical
approaches or biological approaches (Siegrist 1996). Chemical treatment often includes
engineered precipitation of struvite to recover ammonium and orthophosphate (Battistoni et al.
2000; Shu et al. 2006; LeCorre et al. 2009; Latimer et al. 2015; Abel-Denee et al. 2018).
Biological treatment of anaerobic digester sidestreams could include traditional nitrificationdenitrification (la Cour Jansen et al. 1993), “shortcut” nitritation-denitritation (Ciudad et al.
2005; Mosquera-Corral et al. 2005; Peng & Zhu 2006), or partial nitritation with anaerobic
ammonium oxidation (anammox) (van Dongen et al. 2001; Fux et al. 2002; Joss et al. 2009;
Lackner et al. 2014; Jenni et al. 2014; Bauer et al. 2016).
The problem is that such approaches may not apply to facilities that employ aerobic
digestion, which are typically smaller but more common than anaerobic-digestion facilities
(Mavinic and Koers 1982; Kim et al. 2002; WEF/ASCE 2010). In the United States of America
(USA), aerobic digestion is employed at about twice as many treatment facilities as anaerobic
digestion (NEBRA 2007; UN Habitat 2008). If sludge is digested aerobically, then any nitrogen
in the digester sidestream is likely to be in the form of nitrate, not ammonium, particularly if the
residence time in the digester is sufficiently long (Mavinic and Koers 1982; Pitman 1999).
Struvite precipitation requires ammonium and thus would not be applicable to aerobic
sidestreams. Furthermore, aerobic digester sidestreams would likely not contain sufficient readily
biodegradable organic carbon to support heterotrophic denitrification; therefore, traditional
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biological denitrification would require addition of an external carbon source (Siegrist 1996;
Galíet al. 2007). To the best of my knowledge, there is not yet an established method for
removing or recovering nitrogen and/or phosphorus from sidestreams of aerobic digesters.
One technology that has been used for nitrogen removal in other applications is a
microbial fuel cell (MFC). An MFC is a bio-electrochemical technology that can generate
electricity while simultaneously removing undesirable compounds from wastewater (Logan et al.
2006; Du et al. 2007; Tang et al. 2019). An MFC consists of an anode and a cathode: electrons
are released through the biological oxidation of an electron donor (such as organic carbon from
wastewater) at the anode, an electric current is produced as the electrons travel through a wire
from the anode to the cathode, and a biologically mediated reduction involving an electron
acceptor occurs at the cathode (Min et al. 2005; Logan et al. 2006; Du et al. 2007; Yan et al.
2012; Xu et al. 2016; Ucar et al 2017). The most commonly employed electron acceptor in the
cathode is molecular oxygen (Du et al. 2007; Choudhury et al. 2017). However, it has also been
demonstrated that nitrate can serve as the electron acceptor in the cathode of an MFC (Kelly and
He 2014), which typically removes nitrate via denitrification to N2 gas.
Therefore, it is possible that the MFC technology could be applied to remove nitrate from
aerobic digester sidestreams while simultaneously producing electricity (cf. Fang et al. 2011). In
Figure 4.1, the typical wastewater treatment process (including nutrient recycle) is compared to
the modified process that I propose here, which employs the MFC to remove nitrate from the
sidestream. Previous studies have looked into MFC efficiency for nitrate removal from a variety
of different solutions, including nitrified landfill leachate (Lee et al. 2013), effluent from a
composting toilet (Castro et al. 2014), nitrified anaerobic digester sidestreams (Orner et al.
2019), and a variety of synthetic solutions (Clauwert et al. 2007; Jia et al. 2008; Virdis et al.
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2008, 2010; Fang et al. 2011; Xie et al. 2011; Puig et al. 2012; Zhang and He 2012a, 2012b;
Vilar-Sanz et al. 2013; Zhu et al. 2013; Huang et al. 2020). However, to the best of my
knowledge, it has not yet been determined if an MFC is a suitable technology to remove nitrate
from an aerobic digester sidestream. Given the prevalence of aerobic digestion for treating waste
sludge at WRFs (NEBRA 2007; UN Habitat 2008), this is an important knowledge gap.

Typical Operation

Proposed Operation

Figure 4.1. Comparison of typical operation of a water reclamation facility (WRF) to a proposed
modified operation. The proposed modified operation incorporates a microbial fuel cell (MFC)
to simultaneously produce electricity and remove nitrate from the nutrient-rich sidestream.
Therefore, the overall objective of this chapter is to evaluate the potential for an MFC to
remove nitrogen from aerobic digester sidestreams while producing electricity. Specifically, I
aim to assess the performance of a bench-scale MFC, fed with an actual aerobic digester
sidestream (rather than a synthetic solution) to maximize the relevance of the results toward
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eventual full-scale implementation. Performance of the bench-scale MFC will be evaluated
based on three metrics: the nitrogen removal rate, the power generated, and the electron transfer
efficiency (i.e., efficiency of apparent electron transfer from the anode to the cathode). If
successful, this technology would enable WRFs to generate electricity -- and hence, perhaps, to
generate revenue (Kuwayama and Olmstead 2020) -- while removing nitrate from aerobic
digester sidestreams, thereby protecting the mainstream treatment process. Thousands of WRFs
in the USA employ aerobic digestion of waste activated sludge (NEBRA 2007; UN Habitat
2008), and it is likely that a majority of these are currently practicing sidestream recycle without
nutrient removal. The dual benefit of nitrate removal and electricity generation could therefore
be highly beneficial to hundreds or even thousands of WRFs around the world.
4.2. Methods
4.2.1. MFC Configuration
A bench-scale dual-chamber MFC was constructed and housed at the Biosolids
Management Facility (BMF) in Hillsborough County, Florida. The MFC consisted of two 700mL glass chambers, an anode chamber and a cathode chamber, connected with a glass bridge, as
indicated in Figure 4.2. A CMI-7000 cation exchange membrane (Membranes International Inc.,
Ringwood, NJ) was installed between the two chambers to allow for the travel of protons from
the anode to the cathode. The anode chamber was fed with municipal raw wastewater collected
from the Northwest Regional Water Reclamation Facility (NWRWRF), which adjoins the BMF.
The cathode chamber influent was an aerobic digester sidestream collected from the BMF.
Typically, the BMF sidestream is returned to the headworks at the NWRWRF without nutrient
removal; more information about the NWRWRF and the BMF is provided in Chapter 3.
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Electrodes inside both the anode and the cathode chambers were made of 0.5 mg/cm2
60% platinum on Vulcan-Carbon Paper (Fuel Cell Store, College Station, TX), and each had a
surface area of 10.5 cm2. Anoxic conditions were maintained in both the anode and cathode
chambers by gently bubbling nitrogen gas. The anode and cathode chambers of the MFC were
inoculated with pure cultures of Shewanella putrefaciens and Geobacter metallireducens,
respectively, obtained from the American Type Culture Collection (ATCC) (Manassas, VA).
These two bacteria were selected because they are well studied in MFC applications and have
demonstrated good efficiency and high electricity production among other exoelectrogenic
bacteria (Poddar & Khurana 2011, Ishii et al. 2008, Rewatkar & Goel 2022).
A dual-chamber MFC configuration was used because this configuration facilitates
quantification of nitrogen removal rate and electron transfer efficiency, which were goals of this
study. However, a more sophisticated MFC configuration would be a better option if the main
goal were to generate power (Janicek et al. 2014; Bhargavi et al. 2018), or if the technology is
eventually deployed for full-scale implementation.

Figure 4.2. Schematic diagram of dual-chamber microbial fuel cell with removal of nitrate in the
cathode chamber.
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4.2.2. MFC Operation
The MFC was initially operated with synthetic solutions for 90 d until bacterial
populations were established and stable conditions achieved. During this start-up period, the
influent to the anode chamber was soybean-casein digest medium (ATCC medium 1065), and
the influent to the cathode chamber was Geobacter metallireducens medium (ATCC medium
1768). Sodium nitrate was added to the cathode chamber medium to achieve an initial total
nitrogen concentration of 255 mg/L as N. Following the initial start-up period, the anode
chamber influent was switched to filtered raw municipal wastewater from NWRWRF, and the
cathode influent was switched to the aerobic digester sidestream from BMF. The MFC was then
operated and evaluated for a period of 125 days. Thus, the total operating time was 215 days,
comprising a 90-d start-up period and a 125-d test period. The characteristics of the filtered raw
wastewater (anode feed) and the aerobic digester sidestream (cathode feed) are provided in Table
4.1.
During the 125-d test period, the concentration of nitrate was monitored in the aerobic
digester sidestream from the BMF. If the nitrate concentration was observed to drop below 30
mg/L (as N), sodium nitrate was added as needed to maintain a nitrogen concentration of at least
30 mg/L in the influent to the cathode chamber. In actual practice, additional nitrate would not
be added to the MFC influent; I added nitrate on an as-needed basis to ensure relatively
consistent conditions in the cathode chamber and to challenge and evaluate the MFC technology.
The system was operated in semi-batch mode. As suggested by Figure 4.2, the treatment
system was not a continuous-flow process. Instead, twice per week, 100 mL of treated liquid
was withdrawn from the anode and cathode chambers, and replaced with 100 mL of the
respective influent solution. Based on the reactor volume of 700 mL and the liquid replacement
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rate of 200 mL/week, the average hydraulic residence time in the MFC was 3.5 weeks.
Deionized water was added periodically to the anode and cathode chambers as a make-up stream
to maintain a constant reactor volume when the fluid volume decreased below 700 mL due to
evaporation.
4.2.3. Sample Collection and Analysis
During the 125-day test period, treated liquid samples (100 mL) were collected twice per
week from both anode and cathode chambers, as noted above. Samples were analyzed for
concentrations of total nitrogen (mg/L as N), nitrate (mg/L as N), nitrite (mg/L as N), and
chemical oxygen demand (mg/L). Samples were analyzed in duplicate. Analytical methods
developed and employed for these analyses are listed in Table 4.2.

Table 4.1. Typical characteristics of filtered raw wastewater (anode feed) and aerobic digester
sidestream (cathode feed)
Stream

a
b
c
d

Filtered raw
wastewater (anode
feed)
Aerobic digester
sidestream (cathode
feed)

Conc. of total
suspended solids
(mg/L)

Chemical oxygen
demand
(mg/L)

Conc. of total
nitrogen
(mg/L as N)

Conc. of total
phosphorus
(mg/L as P)

low
(filtered)

1077a

48b

4.3b

380c

318c

>30d

83c

Average value based on measured COD concentrations during the final four weeks of MFC
operation.
Average value in filtered raw wastewater measured from January–September 2021 for an
ongoing laboratory project (Chapter 6).
Average value in aerobic digester sidestream measured during sampling campaigns of Chapter
3; see also project report by Cunningham et al. (2018).
As described in the main text of the chapter, the concentration of nitrate was monitored in the
aerobic digester sidestream, and nitrate was added as needed to maintain a concentration of at
least 30 mg/L (as N) in the feed to the cathode.
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Table 4.2. Analytical methods employed to quantify concentrations of nitrogen and carbon
Analyte

Method

Instrument or Kit Employed

Total nitrogen (TN)

APHA (2012) Standard
Method 4500-N

Hach reagent kit and pre-calibrated
spectrophotometer

Nitrite (NO2–)

Ion chromatography

Metrohm 850 ion chromatrograph

Nitrate (NO3–)

Ion chromatography

Metrohm 850 ion chromatrograph

Chemical oxygen
demand (COD)

APHA (2012) Standard
Method 5220B

Hach reagent kit and pre-calibrated
spectrophotometer

4.2.4. MFC Theory and Electrochemical Analysis
The intended operation of the MFC is illustrated in Figure 4.2. In the anode chamber,
bacteria (including the S. putrefaciens inoculum) oxidize organic carbon in raw municipal
wastewater into carbon dioxide, releasing electrons and protons. Released electrons are received
by the anodic electrode and travel through a wire to the cathodic electrode, generating a current.
Released protons travel through the proton exchanging membrane to the cathode. In the cathode,
bacteria (including the G. metallireducens inoculum) reduce nitrate from the aerobic digester
sidestream into nitrogen gas (N2) using the electrons and protons released in the anode. In this
process, carbon and nitrate are removed from the raw wastewater and the aerobic digester
sidestream, respectively, and power is produced simultaneously.
Voltage in the MFC was measured with a Keithley 2701 digital multimeter (Solon, OH)
in closed-circuit mode. An external 1000-Ω resistor was provided in the circuit as indicated in
Figure 4.2. The external resistance represents an electrical “load” or demand to be met by the
MFC; the value of 1000 Ω was chosen in this study because that was the value used in a similar
study by Orner et al. (2019).
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4.2.5. Data Analysis and Presentation
Criteria used to evaluate the MFC performance include nitrogen removal rate, power, and
electron transfer efficiency. To quantify these, concentrations and voltage were measured and
recorded twice per week using the methods described above. Removal rates (mg/(L·d)) of
chemical oxygen demand, nitrate, and total nitrogen are determined by calculating the decrease
in analyte mass between one measurement day and the next, then dividing the mass decrease by
the time elapsed between measurements and by the reactor volume (0.7 L). Power is calculated
as V 2/R, where V is the measured voltage and R is the external resistance (1000 Ω). Electron
transfer efficiency is calculated from the removal rates of chemical oxygen demand (COD) and
nitrate: it is the apparent rate of electron acceptance in the cathode (5 moles of electrons accepted
per mole of NO3– converted to N2) divided by the apparent rate of electron donation in the anode
(4 moles of electrons donated per 32 g of COD removed).
Subsequently in this chapter, data are presented using cumulative average, sometimes
called “running average”, rather than instantaneous measurements. This method of presenting
the data smooths out short-term fluctuations in the measured parameter. For a parameter x that is
monitored over time, the cumulative average value ! after an elapsed time t is given by equation
(1).
!(!) =

!
!

! !′ !"′

!

(4.1)

Because data in this study were collected at discrete time intervals, not continuously, the integral
in equation (1) is computed by numerical integration of the collected data.
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4.3. Results and Discussion
4.3.1. Removal of Organic Carbon in the Anode Chamber
Chemical oxygen demand (COD) was removed from the municipal raw wastewater fed to
the anode chamber of the MFC (Figure 4.3). The removal of COD from the wastewater is
attributed to oxidation of organic carbon to carbon dioxide as indicated in Figure 4.2 (cf. Logan
et al. 2006). The data displayed in Figure 4.3 correspond to the 125-d test period of the MFC;
the preceding 90-d start-up period (during which the bacteria were grown on synthetic media) is
not included in Figure 4.3.

Figure 4.3. Cumulative average removal rate for chemical oxygen demand (COD), total nitrogen
(TN), and nitrate (NO3–) over the 125-d MFC test period.
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Average COD removal rate over the first 40 d of the test period was 140 mg/(L·d). After
some fluctuations during the first 40–60 d, the average rate eventually stabilized at a value of 90
mg/(L·d) over the entire test period. As noted above, the treatment system was operated in semibatch mode, not in continuous-flow mode, so it is not possible to directly compare influent COD
concentrations to effluent COD concentrations. Instead, the average removal rate of 90 mg/(L·d)
can be interpreted as follows. If the COD concentration in the anode is 400 mg/L on a particular
day, then three days later, the COD concentration would be 400 mg/L – [90 mg/(L·d)]*[3 d],
which works out to 130 mg/L.
The drop in the cumulative average COD removal rate from 140 mg/(L·d) to 90 mg/(L·d)
after the first 40 d indicates a decrease in the oxidation rate of organic carbon. In the early days
of the MFC test period, the anode chamber still contained some soybean-casein digest medium
(ATCC medium 1065), which had been used to cultivate the bacteria during the start-up period.
The presence of this medium likely facilitated rapid growth of S. putrefaciens and also provided
a source of readily biodegradable organic carbon, thereby leading to a higher COD removal rate.
The drop in the COD removal rate is therefore probably due to the depletion of the digest
medium and/or a decrease in the growth rate of S. putrefaciens.
4.3.2. Removal of Nitrogen in the Cathode Chamber
Nitrogen was removed from the aerobic digester sidestream fed to the cathode chamber
of the MFC (Figure 4.3). The removal of nitrogen from the aerobic digester sidestream is
attributed principally to the reduction of nitrate to nitrogen gas, according to the process
illustrated in Figure 4.2 (cf. Clauwert et al. 2007; Jia et al. 2008).
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The average removal rate of total nitrogen (TN) over the first 17 days of the test period
was 62 mg/(L·d). However, the rate decreased over time, reaching a steady value around day 80.
Average removal rate of TN over the entire duration of the test period (125 d) was 14 mg/(L·d).
The removal rate of nitrate follows a trend very similar to the removal rate of total
nitrogen, as seen in Figure 4.3. This was expected, given that nitrogen removal in the cathode
chamber is attributed principally to denitrification. However, because different analytical
methods were used for TN (spectrophotometry) and nitrate (ion chromatography), the close
agreement between the results can be taken as a verification of the validity of the analytical
methods. The average nitrate removal rate over the first 20 days of the test period was 60
mg/(L·d) (as N). The average nitrate removal rate over the entire 125-d test period was 13
mg/(L·d) (as N), very similar to the removal rate of 14 mg/(L·d) for TN.
The decrease of nitrogen removal rate over time in the cathode chamber is likely
attributable to two causes. First, the decrease in COD removal rate in the anode chamber likely
led to a decrease in the availability of electrons and protons required for denitrification in the
cathode chamber. Second, at the beginning of the 125-d test period, the cathode chamber still
contained some of the Geobacter metallireducens medium (ATCC medium 1768) from the startup period, and this medium would have supported rapid growth of the G. metallireducens. As
the medium was depleted, the growth and activity of the G. metallireducens may have decreased,
leading to a decrease in the nitrogen removal rate.
To evaluate the performance of the MFC in terms of nitrogen removal, the average
denitrification rate observed in this study, 13 mg/(L·d) (as N), can be compared to the rates
observed in previous studies. In Table 4.3, results from this study are compared to the results
from 14 previous studies in which nitrate was the principal electron acceptor in the cathode of an

69

MFC. In the previous MFC studies, the rate of cathodic denitrification varied from less than 1
mg/(L·d) up to ~200 mg/(L·d), with a median rate around 20 mg/(L·d). Therefore, the rate of 13
mg/(L·d) observed in the present study is, generally speaking, consistent with previous
measurements of cathodic denitrification rate in an MFC.
Conventional heterotrophic denitrification rates (e.g., in mainstream wastewater
treatment) are typically higher, often exceeding 1000 mg/(L·d) (Metcalf & Eddy 1991).
However, such high rates of heterotrophic denitrification require high concentrations of readily
biodegradable organic carbon, which are not likely to be present in digester sidestreams (Galí et
al. 2007). Autotrophic denitrification using reduced sulfur, reduced iron, or iron-sulfur minerals
as an electron donor can also achieve nitrate removal rates exceeding 100 or even 1000 mg/(L·d)
as N (Soares 2002; Sahinkaya and Dursun 2012; Di Capua et al. 2015). However, such
processes often result in dissimilatory nitrate reduction to ammonia (DNRA), rather than
converting nitrate to N2 gas, especially in the presence of reduced iron (Till et al. 1998; Shin and
Cha 2008; Pu et al. 2014); in contrast, DNRA does not typically occur during cathodic
denitrification in MFCs (Sander et al. 2015). In the context of treating an aerobic digester
sidestream, DNRA is undesirable because the resultant ammonium would be recycled back to the
mainstream treatment process. Thus, even though heterotrophic denitrification and sulfur-oriron-based autotrophic denitrification might be faster than cathodic denitrification in an MFC,
the MFC process may still be preferable for treatment of aerobic sidestreams. Overall, the nitrate
removal rate of 13 mg/(L·d) observed in the present study does not appear to be a significant
limitation of the proposed technology.
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Table 4.3. Comparison of studies in which nitrate was the principal electron acceptor in the cathode of a microbial fuel cell
Reference

Solution used in
anode

Solution used in
cathode

NO3– removal rate

Apparent electron
transfer efficiency

Voltage

Power per
electrode area

Power per MFC
chamber volume

(mg/(L·d), as N)

(%)

(mV)

(mW/m2)

(mW/m3)

41% average

40 maximum;
15 average

0.38

0.58
(at 1000 Ω
external
resistance)

filtered raw
municipal
wastewater

aerobic digester
sidestream

60 during first 20 d;
13 over entire 125 d

Clauwert et al.
(2007)

synthetic acetate
solution

synthetic nitrate
solution

80 maximum

300–360

Jia et al.
(2008)

synthetic
glucose solution

synthetic nitrate
solution

4.2 maximum

1–11.5

Virdis et al.
(2008)

synthetic acetate
solution

nitrified synthetic
ammonium
solution
(reactor R2)

97–409
(reactor R2)

Virdis et al.
(2010)

synthetic acetate
and ammonium
solution

nitrified synthetic
ammonium
solution

117 maximum

Fang et al.
(2011)

domestic
wastewater with
acetate amended

synthetic nitrate
solution

0.57 without
catalyst;
2.0 with catalyst

5%
(calculated from
reported conc. of
acetate and nitrogen
species)

96–111 without
catalyst;
450 with catalyst

Xie et al.
(2011)

synthetic
wastewater with
glucose
amended

nitrified synthetic
wastewater

68.9 maximum

9–16%
(calculated from
reported coulombic
efficiencies)

260–350
(calculated from
reported power and
current)

this study

21-64%
(calculated from
reported coulombic
efficiencies)

4,000 maximum
(at 25 Ω external
resistance)

1.7 (according to
Fang et al. 2011)

120–480
(calculated from
reported current and
resistance)

7,000–18,700
(reactor R2)

202

6,100 maximum

3.4–7.2 without
catalyst;
118 with catalyst

7.2 maximum
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Table 4.3. (Continued)
Puig et al.
(2012)

Zhang and He
(2012a)
Zhang and He
(2012b)
Zhu et al.
(2013)
Lee et al.
(2013)

Vilar-Sanz et al.
(2013)

13%
(calculated from
reported removal
rates of COD and
nitrate)

synthetic lowionic-strength
nitrate solution

20.8 ± 1.7

nitrified synthetic
ammonium
solution

9
(according to Zhang
and He 2012b)

nitrified synthetic
ammonium
solution

200 maximum

synthetic nitrate
solution

0.186

landfill leachate
(nitrified,
degassed,
diluted)

depleted landfill
leachate from
anode

4.4
(ammonium
oxidation reactor)

acetate-enriched
wastewater

synthetic nitrate
solution
or
effluent from an
air-cathode MFC

21
(period 1; calculated
from reported
concentrations, flow
rate, and volume)

218
(period 1; calculated
from reported current
and resistance)
0.023
(calculated from
reported power density, current density,
reactor volume, and
electrode area)

0.000268

0.3

synthetic acetate
solution

synthetic
solution with
acetate and
ammonium
synthetic
solution with
acetate and
ammonium
synthetic
dextrin/peptone
mixture

5.1%

97–195

580

660 maximum

6,800 maximum

0–450

37.2
8
(ammonium
oxidation reactor)

Castro et al.
(2014)

liquid effluent
from
composting
latrine (urine)

nitrified effluent
from anode

~15–20
(estimated from data
shown in Figure 3b)

Orner et al.
(2019)

filtered raw
municipal
wastewater

nitrified
anaerobic
digester centrate
(principally NO2–
rather than NO3–)

5.2

> 100%

18

Huang et al.
(2020)

synthetic
wastewater with
acetate

synthetic
wastewater with
nitrate

4.5 maximum

< 2%

412 ± 1

51.4
(ammonium
oxidation reactor)
1,230
(period 1;
calculated from
reported current,
resistance, and
volume)

1.1

338 maximum
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4.3.3. Apparent Electron Transfer Efficiency
The apparent electron transfer efficiency from the anode to the cathode (calculated as
described previously in this chapter) is shown in Figure 4.4.
As shown in Figure 4.4, the apparent efficiency exceeded 100% between days 13 and 28
of the MFC operation, which means that the apparent rate at which electrons were accepted for
denitrification in the cathode exceeded the apparent rate at which electrons were released in the
anode. A possible explanation for this observation is that during this period another source of
electrons (in addition to the electrons flowing from anode to cathode) was present in the cathode
chamber. A similar observation was made by Orner et al. (2019). In the present study, it is
possible that the Geobacter metallireducens medium (ATCC medium 1768), which was used to
cultivate bacteria during the start-up period, may have contained reduced chemical compounds
capable of donating electrons and supporting denitrification. This may imply that heterotrophic
denitrification is augmenting autotrophic denitrification in the cathode (cf. Huang et al. 2020)
and could be responsible for the apparent efficiency exceeding 100% during days 13–28 of the
test period.
Over the entire 125-d test period, the average apparent electron transfer efficiency was
41%. As can be seen from Table 4.3, this efficiency is higher than several previous MFC studies
that have used nitrate as the principal electron acceptor in the cathode. This suggests that
electron transfer efficiency is not a barrier to the prospect of treating aerobic digester sidestreams
via cathodic denitrification.
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Figure 4.4. Apparent electron transfer efficiency (i.e., electrons accepted in the cathode as a
percentage of the electrons donated in the anode) over the 125-d MFC test period.
4.3.4. Power Generation
The power produced by the MFC, normalized by the electrode surface area, is shown in
Figure 4.5. The average power over the 125-d test period was 0.38 mW/m2. In the early part of
the test period, the power generation was lower than this, but the generation rate increased over
the test period. This might indicate that the bacterial communities were continuing to develop
beyond the 90-d start-up period and during the 125-d test period.
In Table 4.3, the power density of the MFC (normalized by both the electrode area and
the MFC chamber volume) is compared to the power density observed in previous studies that
employed nitrate as the principal electron acceptor in the cathode. Generally speaking, the
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power generated in the present study is low compared to the power generated in previous MFC
studies that involved cathodic denitrification. There are a few possible reasons for the relatively
low power generation in this study. First, the MFC configuration employed here was a relatively
simple two-chamber configuration. Although this configuration was appropriate for the goals of
this study, it is known that more sophisticated MFC designs can generate more power (Janicek et
al. 2014; Bhargavi et al. 2018). Available MFC configurations include cuboid shaped MFC,
double-chambered up-flow MFC, concentric tubular, up-flow single-chambered, cathode-air
configuration, concentric tubular, multi-chambered MFC (more than two chambers), hybrid
MFC, stacked MFCs to enhance bioelectricity, miniaturizing MFC, and sediment MFC (Tamboli
& Eswari 2019). Second, the external resistance employed in the present study was not
optimized. I selected an external resistance of 1000 Ω because that was the resistance used by
Orner et al. (2019) in a similar treatment system. However, it is well known that the power
generation depends on the external resistance (and is maximized when the external resistance
matches the internal resistance), so placing a different load on the system might result in higher
power generation. Third, the MFC system in the present study was operated using actual
wastewater streams in both the anode and cathode chambers, whereas most previous studies
employing cathodic denitrification have used synthetic solutions in either the anode, the cathode,
or both (see Table 4.3). It is possible that the power generation is dependent upon the solutions
employed, and that the use of real wastewater streams decreases the power generation relative to
the use of synthetic streams.
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Figure 4.5. Cumulative average power produced by the microbial fuel cell (MFC) over the 125-d
MFC test period.
4.3.5. Potential for Application of MFCs to Treat Aerobic Digester Sidestreams
The data presented above demonstrate that the proposed technology is able to remove
nitrate from an actual aerobic digester sidestream at an appreciable rate. This suggests that the
MFC may be a viable option for improving wastewater treatment operations according to the
schematic proposed in Figure 4.1. However, the power generation was low, which decreases the
appeal of the proposed technology. Furthermore, it is known that scale-up of MFCs from benchscale to full-scale is a challenge, and can result in further decrease of power generation (Logan
2010; Tan et al. 2021). Based on the observed nitrate removal rate and apparent electron transfer
efficiency, I remain optimistic about the prospect of MFCs for removing nitrate from aerobic
digester sidestreams, but I suggest that further bench-scale testing and optimization should be
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performed to improve power generation before the technology is tested at the pilot-scale.
Possible methods for increasing the power generation include using a more sophisticated MFC
design (Janicek et al. 2014; Bhargavi et al. 2018) and/or applying the MFC to an external load or
power demand that better matches the internal resistance of the MFC (i.e., impedance matching).
Even if the proposed technology proves to be technically feasible, modification of an
existing wastewater treatment facility (as proposed in Figure 4.1) is only recommended if it is
economically favorable for the utility. Economic benefits of the proposed technology are
expected to be (primarily) improved mainstream treatment due to removal of nitrogen from the
aerobic digester sidestream and (secondarily) cost savings or revenue from electricity generated
by the MFC. These economic benefits must be weighed against the capital cost of installing the
necessary equipment and any operating costs associated with the MFC (which are expected to be
low). A payback period can be estimated and the utility can determine if the payback period is
short enough to warrant implementation of the proposed technology. A rigorous economic
analysis might also consider alternative candidate treatment modifications, e.g., treatment of the
aerobic digester sidestream with conventional heterotrophic denitrification or with autotrophic
denitrification such as sulfur-driven autotrophic denitrification (Shao et al. 2010). Moreover,
sidestream could be routed downstream of the anaerobic/fermentation reactor, where it would
not interfere with EBPR, and where it might even be beneficial because NO3- could serve as an
alternate electron acceptor to O2. Such an economic analysis is beyond the scope of the current
study, which has intended only to make a preliminary assessment of the potential for
simultaneous nitrate removal and electricity generation. Several previous authors have laid the
groundwork for assessing the economic feasibility of the MFC technology applied to wastewater
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treatment (e.g., Rozendal et al. 2008; Xu et al. 2018; Savla et al. 2021), though, as far as I know,
none have yet considered the application of MFCs to aerobic digester sidestreams.
4.4. Summary and Conclusions
Wastewater treatment facilities commonly digest their waste sludge, and liquid
“sidestreams” from the digestion process are typically returned to the mainstream treatment
process. For facilities that digest their sludge aerobically, this likely results in the recycle of
nitrate from the digestion process back to the mainstream treatment process. Recycling nitrate is
a problem both because it requires additional nitrogen removal and because the nitrate can
interfere with biological processes in the mainstream treatment (e.g., by altering the oxidationreduction conditions required for enhanced biological phosphorus removal). Therefore, a
process is required that can remove nitrate from the aerobic digester sidestream before the stream
is recycled back to mainstream treatment. Ideally, such a nitrate-removal process would not
require any input of chemicals or energy.
Towards that goal, this chapter has assessed the feasibility of a microbial fuel cell (MFC)
for simultaneously producing electricity and removing nitrate from an aerobic digester
sidestream. I have employed real wastewater streams (not synthetic streams) in both the anode
and cathode chambers of the MFC. Specifically, the anode chamber was fed with filtered raw
municipal wastewater from the Northwest Regional Water Reclamation Facility, and the cathode
chamber was fed with an aerobic digester sidestream from the Biosolids Management Facility,
both located in Hillsborough County, Florida. Use of real wastewater streams may have led to
interferences in the system performance, e.g., by suspended solids fouling the membrane, or by
competing electron donors or acceptors; however, such interferences might also exist in fullscale deployment of the proposed technology, and we wanted to test the technology under
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realistic operating conditions (albeit at laboratory scale). Mitigation of some of these
complications has been previously considered in previous literature (Koók et al. 2019), e.g. by
selecting a membrane with an appropriate coating (Kim et al. 2014), and future studies could test
such measures on the technology proposed here.

The average rate of nitrate removal from the aerobic digester sidestream was 13 mg/(L·d)
over a 125-d test period. This rate is similar to cathodic denitrification rates observed in several
previous studies that operated MFCs with different types of liquid influent streams. Also, the
apparent efficiency of electron transfer from the anode to the cathode was 41%, which is higher
than most previous observations. However, the power generation in this study (0.38 mW/m2
electrode area) was low compared to most previous studies.
Overall, the results are encouraging for the prospect of applying MFCs for simultaneous
power generation and nitrate removal from aerobic digester sidestreams. However, based on the
lower power generation observed here, I suggest that further bench-scale testing and
optimization should be performed to improve power generation before the technology is tested at
the pilot-scale.
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Chapter 5. Enhanced Biological Phosphorus Removal during Simultaneous
Nitrification and Denitrification in an Oxidation Ditch3,4
5.1. Introduction
Point and nonpoint source nutrient discharges to surface waters can lead to eutrophication
and endanger aquatic life. After years of eutrophication, the Tampa Bay Estuary Program
(TBEP) was successful in restoring Tampa Bay water quality by controlling the discharge of
point sources such as minimally-treated wastewater effluent (Morrison et al., 2011). According
to the National Pollutant Discharge Elimination System (NPDES), treated effluent at
Hillsborough County wastewater plants, including the Falkenburg Advanced Wastewater
Treatment Plant (FAWTP), must contain no more than an annual average of 3 mg/L of nitrogen
(as N) and 1 mg/L of phosphorus (as P) when it is discharged to the surface water.
Biological and/or chemical processes can be used for removal of nitrogen and phosphorus
from wastewater. Biological nitrogen removal uses ammonia-oxidizing microorganisms (AOM)
and nitrite-oxidizing bacteria (NOB) to oxidize ammonia to nitrate under aerobic conditions.
Subsequently denitrifying microorganisms transform nitrate to nitrogen gas (N2) under anoxic
conditions. Enhanced biological phosphorus removal (EBPR) uses polyphosphate-accumulating
organisms (PAO) to release phosphorus from bacterial cells under anaerobic conditions, and then
take up phosphorus under anoxic or aerobic conditions, yielding a net removal of phosphorus
3

This Chapter has been published: Kassouf H., Sager A.E., Mulford L., Iranipour G., Ergas S.J.,
Cunningham J. A. Enhanced biological phosphorus removal during simultaneous nitrification
denitrification in an oxidation ditch. Florida Water Resources Journal, January 2019, 16-20.
4
Data presented in this chapter have been presented previously by Sager (2016), but the analysis
presented in this chapter is original.
91

from the aqueous solution. Chemical techniques for phosphorus removal are based principally on
the addition of coagulants, such as aluminum sulfate (alum), ferric chloride, or lime, all of which
can result in the precipitation and subsequent sedimentation of a solid compound (e.g., AlPO4)
(Tchobanoglous et al., 2014).
Biological treatment is usually preferred in Florida, where warm temperatures favor
EBPR; however, biological treatment does not always meet the requirement for phosphorus
removal, so it is frequently accompanied by chemical addition to remove the remaining
phosphorus.
Different reactor configurations are used for implementing biological removal of
nutrients. In many of these configurations, such as A2O or BarDenPho, separate basins or zones
are required with different oxidation-reduction conditions and carbon sources in each basin, to
induce the required conditions. In contrast, an oxidation ditch (OD) is a configuration in which
only one reactor is used instead of separate aerobic and anoxic reactors for biological nitrogen
removal. The OD can be preceded by an anaerobic stage to initiate EBPR. Many wastewater
treatment plants across the United States, including FAWTP, employ ODs. The OD is an
economical and efficient design in Florida where land costs are relatively low in many regions;
effluent carbon, nitrogen, and phosphorus limits are strict; and large numbers of utilities have
practical experience with this technology.
Previous research has shown that simultaneous nitrification and denitrification (SND)
occurs in ODs (Rittmann & Langeland, 1985; Daigger & Littleton, 2000; Sager, 2016). The SND
is believed to occur by any of three possible mechanisms (Daigger and Littleton, 2000):
•

Bioreactor macroenvironment: a single bioreactor, such as an OD, can contain both aerobic
and anoxic microenvironments, supporting nitrification and denitrification, respectively.
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•

Floc microenvironment: a biological floc can contain a gradient of oxygen concentration,
such that nitrification occurs near the aerated surface of the floc, and denitrification occurs in
the anoxic interior of the floc. Floc size and shape could have a significant effect on SND
efficiency (Datta & Goel, 2010).

•

Novel microorganisms: Microorganisms that use denitrification by PAOs “previously
unrecognized pathway” are able to remove nutrients from wastewater (e.g., denitrification by
PAOs).
A number of prior studies have been carried out to assess nitrogen removal during SND

(Rittmann & Langeland, 1985; Daigger & Littleton, 2000; Hao et al., 1997; Liu et al., 2010;
Sager, 2016); however, the fate of phosphorus during SND is still not well understood. A few
studies investigated phosphorus removal in SND systems at the bench scale (Zeng, 2003; Rout et
al., 2007; Datta & Goel, 2010; Filipe & Daigger, 1999), pilot scale (Peng et al., 2007), and full
scale (Littleton et al., 2003; Datta & Goel, 2010).
Some research has reported the occurrence of EBPR during SND (Datta & Goel, 2010;
Peng et al., 2007; Littleton et al,. 2003; Zeng, 2003), but the removal mechanisms and expected
removal efficiency are still not well understood. Further research is needed on the fate of
phosphorus during SND to efficiently and reliably meet permit limits by employing an OD, and
to minimize the cost of additional reagents for chemical precipitation. The overall purpose of this
study was to determine the fate of phosphorus during SND at FAWTP. More specifically, this
chapter will: (1) assess treatment performance and SND occurrence at FAWTP, (2) analyze
phosphorus behavior and fate at FAWTP, and (3) compare the results of this study to previously
published results. The data presented in this chapter were presented previously by Sager (2016)
but the analysis presented in this chapter is orginial.
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5.2. Materials and Methods
5.2.1. Site Description
The FAWTP is an advanced wastewater treatment facility in Hillsborough County that
incorporates nutrient removal to its treatment system. It has a daily average influent flow rate of
9.27 million gallons per day (mgd), with a permitted annual average daily flow rate of 12 mgd.
An aerial photograph of FATWP is shown in Figure 5.1 and the treatment process train at
FAWTP is shown in Figure 5.2. Stages involved in wastewater treatment at FAWTP are as
follows:
•

Screening and grit removal

•

Fermentation for phosphorus release and EBPR promotion

•

Carrousel® OD with two 200-horsepower mechanical aerators located at both ends for
removal of biochemical oxygen demand (BOD), SND (nitrogen removal), and biological
phosphorus uptake

•

Sedimentation in circular secondary clarifiers for liquid and solids separation

•

Filtration of clarifier supernatant

•

Disinfection with ultraviolet (UV) radiation

•

Discharge to the Palm River, Hillsborough River Bypass Canal, or reuse for irrigation
During sedimentation, alum (Al2 (SO4)3) is added in the clarifier to chemically remove

phosphorus not taken up by EBPR. A portion of the settled solids from the clarifier is returned to
the fermentation basin, while the rest is wasted. The volume and hydraulic retention time (HRT)
of the fermentation basin, OD, and clarifier are shown in Table 5.1. The average mean cell
residence time (MCRT) and mixed liquor suspended solids (MLSS) between Sept. 1, 2010, and
August 31, 2013, as well as mixed liquor volatile suspended solids (MLVSS) between Sept. 1,
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2010, and August 1, 2011, at FAWTP were reported by Knapp (2014). The MCRT (7-d moving
average), MLSS, and MLVSS varied between 15 and 51 days, 4000-7000 mg/L, and 3800-5200
mg/L, respectively, for all four ODs at FAWTP.

Figure 5.1. Aerial photograph of Falkenburg Advanced Wastewater Treatment Plant. (courtesy
of Hazen & Sawyer)

Figure 5.2. Layout of the Falkenburg Advanced Wastewater Treatment Plant and sampling
locations. Numbers indicate sampling points. Location 1 represents plant influent and centrate
combined; location 2 indicates fermentation liquid combined with return activated sludge.
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Table 5.1. Volume and hydraulic retention time of fermentation basin, OD, and clarifier at the
Falkenburg Advanced Wastewater Treatment Plant.
Fermentation
Oxidation
Clarifier
Basin
Ditch
Number of tanks
4
4
5
Total volume (gal)

1,215,800

7,130,000

4,112,300

Hydraulic retention time (hours)

3

18.5

11

5.2.2. Sampling Campaigns
Three sampling campaigns were carried out at FAWTP on Oct. 13, Nov. 3, and Dec. 30,
2015. As reported previously by Sager (2016), six locations were sampled; (1) influent to the
fermentation basin (mixture of plant influent and filtrate), (2) fermentation basin combined with
return activated sludge (RAS), (3) toward the beginning of the OD #1, (4) toward the end of the
OD #2, (5) secondary clarifier, and (6) waste activated sludge (WAS).
Samples were collected in 1-liter acid-washed containers and transported on ice to the
environmental engineering laboratory at the University of South Florida (USF) within two hours
of collection and analyzed in duplicate for total phosphorus (TP), ammonium, nitrite, nitrate,
orthophosphate, and alkalinity immediately upon arrival at the laboratory. The pH was measured
in the laboratory and onsite. Additional details are provide by Sager (2016).
5.2.3. Analytical Methods
Samples were tested for TP via Standard Method 4500-P-E (Rice et al. 2012), employing
Hach phosphorus (reactive and total) TNT-plus test kits. Method detection limits are 0.5 mg/L
when using low-range kits, 1.5 mg/L when using high-range kits, and 6 mg/L when using ultrahigh-range kits. Samples tested for TP were not filtered, representing phosphorus concentration
in both solid and liquid wastewater fractions. For the orthophosphate test, pretreatment was
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necessary by centrifuging (at 8.5 revolutions per minute for 10 minutes) and filtering (using
0.45µm HA filter paper) samples. After pretreatment, samples were analyzed for orthophosphate
via ion chromatography (IC) with chemical suppression of eluent conductivities using a
Metrohm 850, Professional IC (MDL [mg/L]: PO43-, 0.02).
Ammonium, nitrate and nitrite were measured via IC with chemical suppression of eluent
conductivities (Dionex 2001), employing a Metrohm 850, Professional IC. Method detection
limits are 0.2 mg/L for NH4+-N, 0.01 mg/L for NO3--N, and 0.04 mg/L for NO2--N.
Alkalinity was tested with Metrohm Dosimat Plus multipurpose dispensing unit
according to Standard Method 2320 B (Rice et al., 2012). In the laboratory, dissolved oxygen
(DO) and pH were measured respectively with a Hach SC1000 Controller (range 0-90 mg/L) and
an Orion 5 Star Meter Probe. A YSI 556 Handheld Multiparameter Instrument (range 0-14) was
used to measure pH onsite. The pH was measured according to Standard Method 4500-H+B
(Rice et al., 2012).
5.3. Results and Discussion
5.3.1. Plant Performance
In order to understand phosphorus removal in ODs, it’s essential to assess the plant
performance. pH and alkalinity across FAWTP processes are presented in Figure 5.3. The pH
ranged between 7.1 and 7.4 across the six sampling locations. The drop in pH in the fermentation
basin can be an indication of organic acid production by anaerobic organisms. Alkalinity varied
between 150 and 260 mg/L as CaCO3 across the plant. A noticeable decrease in alkalinity was
observed in the clarifier, which can be explained by the addition of alum, which is known to
consume alkalinity upon dissolution.
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Figure 5.3. Average alkalinity and pH in the influent, fermentation basin, oxidation ditch #1,
oxidation ditch #2, clarifier, and waste activated sludge at the Falkenburg Advanced Wastewater
Treatment Plant.
5.3.2. Simultaneous Nitrification and Denitrification
Successful nitrogen removal in the OD at FAWTP is shown in Figure 5.4. Ammonium
removal efficiency in the plant was 99.5%, reducing the concentration from 38.4 to 0.2 mg/L, as
N. Approximately half of the removal (54%) was observed in the fermentation basin, indicating
possible volatilization or occurrence of anaerobic ammonium oxidation. Further research should
be carried out to explore the mechanisms responsible of the removal of ammonium in the
fermentation basin at FAWTP. Nitrite and nitrate concentrations were low and similar across the
six sampling locations. The near-complete removal of ammonium without accumulation of
nitrite or nitrate is evidence of SND occurring in the OD.
Since nitrification and denitrification occur under aerobic and anoxic conditions
respectively, SND at FAWTP can be attributed to different aeration zones within the OD. Sager
(2016) investigated SND mechanisms in the MLSS from FAWTP by running a controlled benchscale experiment and reported that SND did not occur unless DO was cycled between 0.5 and 3
mg/L. The DO impact on SND is critical because denitrifying organisms are facultative aerobes,
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so they start to use oxygen as an electron acceptor instead of nitrate at high DO, which interrupts
denitrification (Rittmann &Langeland, 1985). Also, very low DO can inhibit nitrifying
organisms leading to partial nitrification and nitrous oxide (N2O) emission. Nitrite formation was
insignificant at FAWTP, which can indicate the occurrence of complete nitrification.

Figure 5.4. Average concentrations of nitrogen species (ammonium, nitrite, and nitrate) in the
influent, fermentation basin, oxidation ditch #1, oxidation ditch #2, clarifier, and waste activated
sludge at the Falkenburg Advanced Wastewater Treatment Plant.
Besides the macroenvironment, other mechanisms could be responsible for SND within
the OD. Anoxic microenvironment theory suggests the presence of oxygen gradient within the
aerated floc, creating anoxic conditions in the inner layer, which supports denitrification
(Schramm et al., 1999). Satoh et al. (2003) studied the impact of DO level in the reactor on the
oxygen gradient within the floc and reported that SND can be achieved when DO in the reactor
is between 0.3 and 1.1 mg/L. Other suggested mechanisms that can facilitate SND are
denitrification by autotrophic ammonia oxidizers (e.g., anaerobic ammonia oxidation [anammox]
organisms) and aerobic denitrification (Littleton et al., 2003).
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Anammox organisms can oxidize ammonium to nitrogen gas (N2) using nitrite as
oxidant, in the absence of oxygen (Jetten et al., 1999). In case of partial nitrification in the OD,
nitrite production can serve as electron acceptor for anammox organisms in unaerated zones and
result in SND. Some heterotrophs, such as Thiosphaera pantotropha, are able to denitrify nitrate
under aerobic conditions (Robertson et al., 1988).
5.3.3. Biological Phosphorus Removal in the Oxidation Ditch
The average TP concentration in the influent wastewater was 12 mg/L as P, which
slightly exceeded the typical influent upper range of 11 mg/L as P expected in municipal
wastewater (Tchobanoglous et al., 2014). The orthophosphate concentration fraction in the
influent was approximately 50 percent of TP, falling in the range of the expected inorganic
phosphorus concentration range in municipal wastewater, which is typically 3-8 mg/L as P
(Tchobanoglous et al., 2014).
Average orthophosphate concentrations in the influent, fermentation basin, at two points
in the OD #1, OD #2, and the clarifier, are shown in Figure 5.5. Phosphorus release by PAOs can
be observed in the fermentation basin, where orthophosphate concentration went from 6.3 mg/L
as P in the influent to 28 mg/L as P in the fermentation basin. Also, phosphorus uptake by PAOs
in the OD can be observed. Orthophosphate concentrations decreased to 0.6 mg/L as P,
indicating the ability of EBPR to occur in the OD. The efficiency of EBPR at FAWTP can be
calculated to be 90 percent based on the decrease of orthophosphate from 6.3 mg/L in influent to
0.6 mg/L in OD, before alum addition. Knapp (2014) observed similar release and uptake of
orthophosphate at FAWTP. The remaining phosphorus was precipitated by alum addition in the
clarifier, where the concentration of orthophosphate was below detection limits. These
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observations demonstrate the ability for EBPR to occur in an OD during SND; however, the
mechanism driving the biological phosphorus removal is not yet identified.

Figure 5.5. Average orthophosphate concentrations in the influent, fermentation basin, oxidation
ditch #1, oxidation ditch #2, and clarifier at the Falkenburg Advanced Wastewater Treatment
Plant (average based on sampling campaigns 2 and 3 only).
Observed phosphorus removal can be attributed to different mechanisms:
•

Phosphorus uptake in the aerated zones of the OD can be achieved by PAOs using poly-βhydroxyalkanoate (PHA) stored during the previous fermentation stage as carbon source
(Tchobanoglous et al., 2014; Peng et al., 2007).

•

Phosphorus uptake in anoxic zones of the OD can be carried out by denitrifying PAOs
(DPAOs) such as the Bacillus cereus GS-5 strain, that have shown to denitrify nitrate/nitrite
and take up phosphorus under anoxic conditions using an external carbon source other than
PHA (Rout et al., 2017). Rout et al. (2017) explored the ability of Bacillus cereus GS-5 strain
to remove nitrogen and phosphorus from domestic wastewater by running a controlled
experiment. The authors reported 96, 95, 84, and 81 percent removal of ammonium, nitrate,
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nitrite, and orthophosphate, respectively. Further research should be conducted to investigate
the presence of DPAO at FAWTP.
•

Phosphorus uptake can be carried out across flocs. Anaerobic conditions may be present in
the inner layer of the floc enabling the release of phosphorus that accompanies the release in
the fermentation basin. Phosphorus uptake occurs in the outer layers of the floc where
aerobic conditions are available. In order to evaluate this mechanism, Datta & Goel (2010)
conducted a bench scale experiment where they assessed phosphorus release and uptake in
mixed liquor with flocculated and nonflocculated biomass for comparison; however, results
showed that intra floc micro zones did not add efficiency to EBPR. Further research should
be conducted to assess the importance of this mechanism.

5.3.4. Comparison of the Falkenburg Advanced Wastewater Treatment Plant with Other
Published Studies
Biological phosphorus removal during SND has been reported in previously published
papers (Datta & Goel, 2010; Peng et al., 2008; Filipe & Daigger, 1999). Peng et al. (2008)
looked into P removal in a pilot-scale anaerobic-anoxic OD system consisting of anaerobic,
anoxic, and aerobic zones. Results showed that the OD achieved efficient biological phosphorus
removal of 85 percent, which is similar to the removal accomplished by FAWTP (90%).
Datta & Goel (2010) monitored phosphorus removal in full-scale oxidation ditches at
four wastewater treatment plants. None of these ODs were designed to remove phosphorus.
Nevertheless, it was found that Phosphorus release and uptake occurred. The release rate,
however, was higher than the uptake rate at the four full-scale ODs.
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5.4. Conclusions
SND and EBPR were shown to occur in an OD at FAWTP. Biological ammonium and
phosphorus removal efficiency at FAWTP were 99.5 and 90 percent, respectively. The net
production of nitrate and nitrite was insignificant. The SND in the OD can be attributed to
different aerobic and anoxic zones in the OD, intra floc microanoxic zones and/or aerobic
denitrification (e.g., Thiosphaera pantotropha). Typical EBPR behavior was observed, where
orthophosphate was released in the fermentation basin and taken up in the OD. Phosphorus
uptake can be carried out in aerobic zones by PAO and/or in anoxic zones by DPAO (e.g.,
Bacillus cereus GS-5 strain) in the OD. Another not well-understood mechanism of phosphorus
uptake could occur on a microenvironment level. Further research should be conducted at
FAWTP to investigate the presence of DPAOs. Comparing these results to other published
studies showed similar behavior of phosphorus removal at different wastewater treatment plants
employing ODs for biological treatment.
5.5. References
Daigger, G. T., & Littleton, H.X. (2000). Characterization of simultaneous nutrient removal in
staged, closed-loop bioreactors. Water Environment Research, 72(3), 330-339.
Datta, T., & Goel, R. (2010).Evidence and long-term of enhanced biological phosphorus removal
in oxidation-ditch type of aerated-anoxic activated sludge systems. Journal
Environmental Engineering (ASCE), 136 (11), 1237-1247.
Filipe, C.D.M., & Daigger, G.T. (1999). Evaluation of the capacity of phosphorus-accumulating
organisms to use nitrate and oxygen as final electron acceptors: A theoretical study on
population dynamics. Water Environment Research, 71(6), 1140-1150.

103

Hao, X., Doddema, H.J., & van Groenestijn, J.W. (1997). Conditions and mechanisms affecting
simultaneous nitrification and denitrification in a pasveer oxidation ditch. Bioresource
Technology, 59, 207-215.
Jetten, M.S.M., Strous, M., van de Pas-Schoonen, K.T., Schalk, J., van Dongen, U.G.J.M., van
de Graaf, A.A., Logemann, S., Muyzer, G., van Loodsdrecht, M.C.M., Kuenen, J.G.
(1999). The anaerobic oxidation of ammonium. FEMS Microbiology Reviews, 22, 421437.
Knapp, L. (2014). Study of Process Control Strategies for Biological Nutrient Removal in an
Oxidation Ditch (Graduate Theses and Dissertation); University of South Florida,
Tampa, Fla.
Littleton, H.X., Daigger, G.T., Strom, P.F., Cowan, R.A. (2003). Simultaneous biological
nutrient removal: evaluation of autotrophic denitrification, heterotrophic nitrification, and
biological phosphorus removal in full-scale systems. Water Environment Research,75(2),
138-150.
Liu, Y., Shi, H.S., Xia, L., Shi, H.; Shen, T., Wang, Z.,Wang, G., Wang,. Y. (2010). Study of
operational conditions of simultaneous nitrification and denitrification in a carrousel
oxidation ditch for domestic wastewater treatment. Bioresource Technology, 101, 901906.
Mamais, D., Jenkins, D., Pitt, P. (1993). A rapid physical-chemical method for the determination
of readily biodegradable soluble COD in municipal wastewater. Water Research, 27(1),
195-197.
Morrison, G., Greening, H.S., Yates, K.K. (2011). Management case study: Tampa, Fla. Treatise
on Estuarine and Coastal Science, 11, 31-76.

104

Peng, Y., Hou, H., Wang, S.; Cui, Y., Yuan, Z. (2008). Nitrogen and phosphorus removal in
pilot-scale anaerobic-anoxic oxidation ditch system. Journal of Environmental Sciences,
20, 398-403.
Rice, E.W., Baird, R.B., Eaton, A.D., Clesceri, L.S., editors (2012). Standard Methods for the
Examination of Water and Wastewater, 22nd Ed., American Public Health Association,
Washington, D.C.
Rittmann, B.E., Langeland, W.E. (1985). Simultaneous denitrification with nitrification in
single-channel oxidation ditches. Journal of the Water Pollution Control Federation.
57(4), 300-308.
Robertson, L.A., van Niel, E.D.J, Torremans, R.A.M., Kuenen, J.G. (1988). Simultaneous
nitrification and denitrification in aerobic chemostat cultures of Thiosphaera
pantotropha. Applied & Environmental Microbiology, 54 (11), 2812-2818.
Rout, P.R., Bhunia, P., Dash, R.R. (2017). Simultaneous removal of nitrogen and phosphorus
from domestic wastewater using Bacillus cereus GS-5 strain exhibiting heterotrophic
nitrification, aerobic denitrification and denitrifying phosphorus removal. Bioresource
Technology. 244, 484-495.
Sager, A. (2016). Experimental Studies of Simultaneous Nitrification Denitrification Removal at
Falkenburg Advanced Wastewater Treatment Plant (Graduate Theses and Dissertation);
University of South Florida, Tampa, Fla.
Satoh, H., Nakamura, Y., Ono, H., Okabe, S. (2003). Effect of oxygen concentration on
nitrification and denitrification in single activated sludge flocs. Biotechnology and
Bioengineering, 83 (5), 604-607.

105

Schramm, A., Santegoeds, C.M., Nielsen, H.K., Ploug, H., Wagner, M., Pribyl, M., Wanner, J.,
Amann, R., Beer, D.D. (1999). On the occurrence of anoxic microniches, denitrification,
and sulfate reduction in aerated activated sludge. Applied &Environmental Microbiology,
65 (9), 4189-4196.
Tchobanoglous, G., Stensel, H.D., Tsuchihashi, R., Burton, F. (2014). Wastewater Engineering,
5th Ed., Metcalf & Eddy Inc., New York, N.Y.
Zheng, R.J., Lemaire, R., Yuan, Z., Keller, J. (2003). Simultaneous nitrification, denitrification,
and phosphorus removal in a lab-scale sequencing batch reactor. Biotechnology &
Bioengineering, 84 (2), 170-178.

106

Chapter 6. Phosphorus Removal via Recycled Activated Sludge (RAS)
Fermentation at a Modified Ludzack-Ettinger (MLE) Process,
Using Lab-Scale MLE System and BioWin Modeling
6.1. Introduction
Modified Ludzack-Ettinger (MLE) is a common biological nutrient removal (BNR)
process used across the United States. MLE is a type of activated sludge system, in which an
anoxic reactor is employed upstream of the aerobic reactor. This system provides the required
conditions for nitrification and denitrification and hence removes nitrogen from wastewater
(Rittmann & McCarty 2020). However, MLE is not designed to induce enhanced biological
phosphorus removal (EBPR). To remove phosphorus at water reclamation facilities (WRFs)
employing MLE, chemical phosphorus removal is typically used, such as alum addition
(Tchobanoglous et al., 2014).
Although alum addition has been successful in lowering phosphorus concentrations to
below required limits in the effluent, it contributes to higher operational cost and can be
problematic when phosphorus recovery is desired (Murakami et al., 1987, Coats et al. 2011).
One solution to this problem is to install a new anaerobic reactor upstream of the anoxic reactor
to provide the needed conditions for conventional EBPR. This changes the MLE process to an
A2O process (Chapter 2). However, this can be problematic at WRFs where space is a limitation
and land cost is high.
For this reason, WRFs that employ MLE process are looking into different avenues to
remove phosphorus and simultaneously minimize operational cost. Towards this goal, modified
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treatment processes have been suggested for more efficient nutrient management at WRFs. For
instance, adding a RAS fermentation process to the overall treatment configuration might enable
EBPR to occur (Barnard et al. 2017, Coats et al. 2018) (Figure 6.1). The process is sometimes
called “sidestream” EBPR (S2EBPR) even if the stream processed is the RAS, not the digester
sidestream (e.g., Li et al. 2018). For example, we saw unintentional RAS fermentation at
NWRWRF that made EBPR possible even when the fermentation reactor wasn’t really anaerobic
due to nitrate intrusion (chapter 3). Based on the few studies completed, S2EBPR can be more
efficient than conventional EBPR because it: (1) requires less space because the mixed liquor
suspended solids concentration in the RAS is relatively very high, (2) promotes production of
volatile fatty acids (VFAs), thus overcoming the shortage of VFAs in wastewater influent, (3)
provides deeper and longer anaerobic conditions, (4) gives an advantage for phosphorus
accumulating organisms (PAOs) to outcompete competing glycogen-accumulating organisms
(GAOs), (5) allows for denitrification of RAS before it is returned, and (6) favors growth of a
diverse consortium of PAOs, of which some have the ability to produce VFAs and
simultaneously denitrify nitrate/nitrite, while taking up phosphorus under anoxic conditions (i.e.,
Tetrasphaera) (Tooker et al. 2018, Onnis-Hayden et al. 2018, Srinivasan et al. 2018, Barnard &
Kobylinski 2018).
Four main S2EBPR configurations have been proposed in the previous literature: (1)
unmixed in-line mixed liquor fermentation (UMIF), (2) side-stream RAS fermentation (SSR)
(Figure 6.1), (3) side-stream mixed liquor fermentation (SSM), and (4) side-stream fermentation
with additional carbon (SSRC) (Barnard & Kobylinski 2018, Tooker et al. 2018, Onnis-Hayden
et al. 2018). 1) UMIF can be applied to current WRFs that use conventional EBPR for
phosphorus removal, with mixers off most of the time to allow sludge to settle to allow
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fermentation and keep low ORP. Mixers will be switched on for short periods to prevent
permanent settling and wastewater overflow. (2) To apply SSR configuration, a portion of RAS
will be fermented, usually about 10%. Fermented RAS is then added to the anoxic basin in the
mainstream of the WRF treatment process. (3) SSM is an alternative to SSR, in which a fraction
of mixed liquor influent is fermented and then added to the anoxic basin in the mainstream of the
WRF treatment process. (4) SSRC would be the same as SSR but the only difference is the
addition of external carbon source to promote fermentation, which can enhance S2EBPR
performance and shorten fermentation retention time, this configuration is desirable when RAS
is readily biodegradable substrate limited.
However, S2EBPR comes with its challenges. For instance, if denitrification is not
complete in the mainstream, nitrate might ends up in the RAS and impacts the fermentation
(Coats et al. 2018, Barnard et al. 2017, Barnard & Kobylinski 2018). The presence of nitrate in
the RAS can be problematic because it inhibits fermentation and hence disrupts the required
conditions for PAOs to thrive and efficiently remove phosphorus (Coats et al. 2018). Reducing
oxygen levels in the aerobic basin can lead to better denitrification and hence reduce nitrate
concentrations in the RAS. When aerobic effluent is recycled to the anoxic zone, oxygen can get
transferred as well, which can inhibit anoxic conditions and hence slow down denitrification.
However, it’s still not clear if phosphorus removal is efficient under low oxygen level
environment, i.e., decreasing the oxygen level might help decrease nitrate concentration but
might inhibit phosphorus uptake by PAOs. Although some studies confirmed the possibility of
phosphorus to be removed under anoxic conditions by denitrifying PAOs, denitrifying PAOs
physiology, behavior, and required environment are still not clear (Filipe & Daigger 1999, Datta
& Goel 2010).
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For this reason, research must be conducted to test the efficiency of RAS fermentation
when MLE process is employed to treat wastewater. The overall objective of this chapter is to
assess the efficiency of phosphorus removal when EBPR is provided in a MLE system via RAS
fermentation. Taken together, the following specific goals will contribute in achieving the overall
objective; (1) build, operate, and assess a lab-scale continuous-flow MLE process fed with raw
wastewater, (2) assess the effect of aeration/oxygenation on speciation and removal of carbon
and nitrogen in MLE effluent, (3) assess potential of adding RAS fermentation to the developed
lab-scale MLE process for the purpose of phosphorus removal, and (4) estimate the effect of
adding RAS fermentation to the overall removal of nitrogen and phosphorus at Pinellas County’s
South Cross Bayou (SCB) facility that employs MLE process, using a BioWin model.
SCB was selected for BioWin modeling because the MLE process is employed at this
facility. However, the lab work was conducted using wastewater from Hillsborough County’s
Northwest Regional Water Reclamation Facility (NWRWRF) because it was more convenient to
obtain and bring to the lab at USF. This difference means that lab results and BioWin results
cannot be compared quantitatively, because the characteristics are different. However, a
qualitative or semi-quantitative comparison is still possible and beneficial.

Inﬂuent

Anoxic

Aerobic

Clariﬁer

RAS

Eﬄuent

WAS

Fermenta:on

Figure 6.1. EBPR via RAS fermentation process diagram
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6.2. Materials and Methods
6.2.1. Lab-Scale System Configuration
A continuous-flow MLE process was built and operated at the University of South
Florida laboratory. A photograph and diagram of the system are shown in Figure 6.2 and Figure
6.3, respectively. The system was initially designed as an MLE system before RAS fermentation
stage was added. Raw wastewater influent is pumped into a 2-L anoxic glass bottle, followed by
a 4-L aerobic glass bottle. A portion of the aerobic effluent was pumped back to anoxic zone and
the rest flowed into a 15-L plastic bottle that acted as a clarifier. Clarifier supernatant was
pumped out and tested every two days. Sludge from the bottom of the clarifier was pumped back
to the anoxic bottle. Magnetic stirrers were used to gently mix all the bottles. Bottles were
covered with aluminum foil to prevent algae growth on the surface. Influent, RAS, and internal
recycle flow rates were 300, 120, and 1,680 mL/hr, respectively. Hydraulic residence times
(HRT) in each zone are listed in Table 6.1. Previous studies showed that EBPR via RAS
fermentation could be achieved by fermenting 4-7% of the RAS for a hydraulic retention time
between 30-40 hours (Peterson, 2002, 2003). When mixed liquor is being fermented instead of
RAS, a hydraulic retention time needed is 1.5 to 2 days (Tremblay et al. 2005). This long
retention time helps achieve low oxidation retention time (ORP) necessary for fermentation
(Barnard et al. 2017). Average ORP in the RAS fermentation reactor of -334 mV was achieved
in this experiment, with a hydraulic retention time of only 8.3 hours.
RAS was collected from NWRWRF and added to the clarifier to seed the system with
bacteria needed for biological treatment. Oxygen was provided using a fish tank aerator pump
(Tetra Whisper Non-UL air pump for aquariums) and a timer was used to control the aeration in
the system.
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Table 6.1. Hydraulic residence time
Anoxic and Aerobic Clarifier
HRT (hr)
14.3
48

Anaerobic
8.3

6.2.2. RAS Fermentation Configuration
Later in the experiment, RAS fermentation reactor was added to the MLE system,
creating a SSR configuration of S2EBPR. RAS line from the lab-scale MLE system was diverted
into a 1 Liter anaerobic glass bottle, where it was fermented for 8.3 hours before it was sent to
the anoxic bottle (Figure 6.2 and Figure 6.3). By adding this step, EBPR via RAS fermentation
was initiated. The system was re-seeded twice with RAS from NWRWRF to promote growth of
PAOs; first when RAS fermentation started, and again later on day 228 of the experiment.
6.2.3. Lab-Scale System Operation
Operation was divided into 4 intervals; (1) start-up period without RAS fermentation and
with high oxygenation, (2) stage 1 without RAS fermentation and with low oxygenation, (3)
stage 2 with RAS fermentation and low oxygenation, and (4) stage 3 with RAS fermentation and
high oxygenation.
During the start-up period, oxygen was continuously supplied to the aerobic reactor.
During stage 1, oxygen was provided in intervals of 30 min, which means, oxygen was supplied
every other 30 min (30 min on, 30 min off). In stage 3, oxygen was off for 60 min and on for 30
min (30 min off, 30 min, off, 30 min on). In stage 4, oxygen was on for 60 min and off for 30
min (30 min on, 30 min on 30 min off) (Table 6.2).
Table 6.2. Different aeration strategies
Start-up period
Continuous aeration

Stage 1
Intervals of:
30 min,
30 min off

Stage 2
Intervals of:
30 min off,
30 min, off,
30 min on

Stage 3
Intervals of:
30 min on,
30 min on,
30 min off

112

6.2.4. Sample Collection, and Analysis
Raw wastewater was transported from NWRWRF to the USF laboratory to feed the labscale system. Raw wastewater samples were tested as soon as they arrived to the USF laboratory
for the concentrations of total nitrogen, ammonium, nitrate, nitrite, total phosphorus,
orthophosphate, volatile fatty acids, and chemical oxygen demand (COD). More details on the
analytical methods used can be found in Table 6.2.
The start-up period lasted for 120 days. During this time, effluent was sampled twice and
anoxic effluent once, every 6 days-cycle. Final effluent was analyzed for total nitrogen,
ammonium, nitrate, nitrite, COD, and orthophosphate. Anoxic effluent was analyzed for total
nitrogen, ammonium, nitrate, nitrite, volatile fatty acids, and orthophosphate. Analytical methods
used can be found in Table 6.2.
MLE system with RAS fermentation was operated for 141 days after the end of the startup period. Samples from final and anaerobic basin effluent were collected every other day tested
for nitrogen, ammonium, nitrate, nitrite, total phosphorus, orthophosphate, and COD (Table 6.2).
ORP (EcoSense ®, model NO pH100) probe was inserted into the anaerobic bottle to monitor
fermentation.
6.2.5. SCB Site Description
SCB has an annual average daily flow capacity of 33 million gallons per day (MGD). At
SCB, influent flow splits to North and South process trains. Both trains use an MLE
configuration (Figure 6.4). Both trains consist of a primary clarifier, followed by an anoxic
reactor, then an aerobic reactor. Internal recycle from the aerobic tank to the anoxic tank is
provided. Aerobic effluent is sent to a secondary clarifier, where sludge is separated from
effluent wastewater by gravity settling, and alum is dosed for chemical phosphorus removal.
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Most of the settled sludge is sent back to the plant headworks as return activated sludge (RAS),
and the remainder is wasted as waste activated sludge (WAS). Liquid effluent from the clarifier
goes through a denitrification filter, where methanol is added as external carbon source. Filter
effluent is disinfected via chlorination or ultraviolet (UV) light, then de-chlorinated. The final
effluent is either provided to customers as reclaimed water or else discharged to surface water.
WAS is thickened with rotary drum thickeners. Supernatant is sent back to the South
train of the treatment system, and sludge is sent to an anaerobic digester with methane gas
generation. Digestion effluent is later centrifuged with a polymer feed system. Liquid centrate is
recycled back to the south train.
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Anoxic Zone

Eﬄuent
RAS

Clariﬁer
Raw
Wastewater

Anoxic
Zone

Aerobic
Zone
Anaerobic
Zone
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RAS

Clariﬁer

Raw
Wastewater

Figure 6.2. Photograph of the lab-scale wastewater treatment system (top panel: MLE system,
bottom panel: MLE + RAS fermentation

114

Figure 6.3. Lab-scale wastewater treatment system diagram (top panel: MLE system, bottom
panel: MLE + RAS fermentation
Table 6.3. Analytical methods developed and employed
Analyte

Method

Instrument or Kit Employed

Total phosphorus (TP)

APHA (2012) Standard Method
4500-P-E

Hach reagent kit and pre-calibrated
spectrophotometer

Orthophosphate

Ion chromatography and APHA
(2012) Standard Method 4500-PE

Metrohm 850 ion chromatrograph, Hach
reagent kit with pre-calibrated
spectrophotometer

Total nitrogen (TN)

APHA (2012) Standard Method
4500-N

Hach reagent kit and pre-calibrated
spectrophotometer

Ammonium (NH4+)

Ion chromatography and
ammonium analyzer

Nitrite (NO2–)

Ion chromatography and
ammonium analyzer

Nitrate (NO3–)

Ion chromatography and
ammonium analyzer

Chemical oxygen demand
(COD)

APHA (2012) Standard Method
5220B

Metrohm 850 ion chromatrograph,
Timberline ammonia analyzer instrument
TL-2800
Metrohm 850 ion chromatrograph,
Timberline ammonia analyzer instrument
TL-2800
Metrohm 850 ion chromatrograph,
Timberline ammonia analyzer instrument
TL-2800
Hach reagent kit and pre-calibrated
spectrophotometer

115

DRAINAGE
LIFT
STATION
No. 2

Flow Meter

FM from Boca
Ciega Service
Area and PS 016
(Includes McKay
Creek Service
Area WW)

SEPTAGE
RECEIVING

Flow Meter

FLOW
EQUALIZATION
TANK

Chemscan (NT CS)–
NO3, NH4, PO4
SCREENS

NO3

Primary
By-pass

FLOW
SPLITING

Flow Meters
FLW-03
(subtract flow
from LS-2)

Screenings
to Disposal
Flow Meter

Gravity Line
from SCB
Service
Area

GRIT
DEWATERING
SCREWS

Backwash
to Plant
Drainage

CLARIFIERS
FEED FLOW
SPLITTER
BOX

SECONDARY
CLARIFIERS (4)

Filters
Bypass

Chlorine
(Not added)

SOUTH TRAIN
Chemscan (ST CS) –
NO3, NH4, PO4

Primary
By-pass

Waste
Activated
Sludge
(WAS)

Polymer (not
added) and
Alum

NO3

FILTERS
PUMP
STATION

Secondary
Scum

Backwash
to Plant
Drainage

Chemscan–
(3200/120) UVT
PPI-01 & PPI-02

EFB-01

Methanol;
Alum (not
added);
Polymer
(not
added)

Internal Recycle (IR)

Primary
Sludge
(PS)

Return Activated Sludge (RAS)

Gravity Line INFLUENT
from
PUMP
Pinellas
STATION
Park Service
Area

Flow Meter

ANOXIC EFFLUENT INFLUENT
AERATION
TANKS CHANNEL CHANNEL
TANKS
(2)
(6)

PRIMARY
CLARIFIERS
(5)
TEACUP GRIT
REMOVAL (14)

Plant
Drainage

Polymer (not
added) and
Alum

HOLDING

FM from Madeira
Beach Service
Area

HEADWORKS
BAR SCREENS

Filters Recycles

NORTH TRAIN

Chlorine

CHLORINE
CONTACT

Endress Hauser
DEEP BED
(For CH3OH Feed) DENITRIFICATION
Chemscan (Monitor FILTERS (12)
Only - NO3/PO4)

EFA-02

NO3

RECLAIM WATER
DISTRIBUTION
SYSTEM

Chlorine
AEROBIC/ EFFLUENT INFLUENT
AERATION
ANOXIC CHANNEL CHANNEL
TANKS
(SWING)
(6)
TANKS
(3)
Internal Recycle (IR)

PRIMARY
CLARIFIERS
(4)
Dewatered
Grit To
Grit
Disposal

Primary
Sludge
(PS)

Return Activated Sludge (RAS)

VACUUM
TRUCK
RECEIVING
STATION

DRAINAGE
LIFT
STATION
No. 1

Chlorine
(Not added)

CLARIFIERS
FEED FLOW
SPLITTER
BOX

SECONDARY
CLARIFIERS (4)
RECLAIMED
WATER STORAGE
TANKS (3)

Sulfur Dioxide

Flow Meter
FLW-04
Waste
Activated
Sludge
(WAS)

REAERATION
STRUCTURE

Flow Meter
FLW-01
WAS

Blend Tanks
(7) (721,722,501,
502,503,504,
505,506)

WAS with or
without PS

LIQUID STREAM

Flow Meter

IN-PLANT REUSE
Flow Meter

EFD-01
Dryer Related
Recycle Streams

Dewatered FOG
from Off-Site FOG
Receiving Station

PS

RECLAIM STRAINERS (10)
PUMP
STATION
Flow Meter
FLW-02

SURFACE
WATER
DISCHARGE

Secondary
Scum

PS

Flow Meter

EFA-01

Ultraviolet
Disinfection

Flow Meter

LEGEND

UV bypass
to EQ
Tank

Chlorine

Natural
Gas

DEWATERED
FOG
DAY TANK

Biosolids
Pellets

Pilot

Biogas
FOG to
Digester #1

PELLETIZED
BIOSOLIDS
STORAGE
SILOS (2)

BIOGAS
FLARE (1)

Biogas
BIOSOLIDS
DRYER/PELLETIZER SYSTEM

ACTIVATED SLUDGE

Coating Oil

PRIMARY SLUDGE
WASTE ACTIVATED SLUDGE
FAT OIL AND GREASE

ROTARY DRUM
THICKENERS (3)

THICKENED SLUDGE
DEWATERED SLUDGE

THICKENED
SLUDGE
HOPPERS (3)

Centrate

EGG SHAPED
DIGESTERS (2)

SLUDGE/BIOGAS
STORAGE (1)

Digesters Bypass

BIOGAS STREAM
NATURAL GAS STREAM
DRAINAGE to PS NO.1

SLUDGE
TRANSER
PUMPS

DRAINAGE TO PS NO.2

WEDWRF
Cake

Polymer

DRIED BIOSOLIDS

Centrate
DEWATERING
CENTRIFUGES (3)

SCBWRF
Cake

METERING
BIN

WEDWRF
Cake

RECEIVING
BIN

DRYER RECYCLE STREAM
CHEMICAL FEED STREAMS
CHEMSCAN SIGNAL

South Cross Bayou Advanced Water Reclamation Facility Process Flow Diagram

Figure 1-1

Figure 6.4. South Cross-Bayou Water Reclamation Facility Process Flow Diagram. Flow
diagram provided by Pinellas County Public Utilities
6.2.6. Process-Simulation BioWin Model of SCB
BioWin is a process simulation tool that has been developed for modeling wastewater
wastewater treatment. Using BioWin, I developed a model of SCB WRF. The model consisted of
2 MLE treatment process trains (Figure 6.5). To run the BioWin model, I accounted for a timevarying flow rate using data provided by Pinellas County. Flow rate for each hour was based on
average flow rates for that time slot as provided by the County.
Unlike flow rate, influent concentrations of nitrogen species, phosphorus, alkalinity,
BOD, total suspended solids (TSS), volatile suspended solids (VSS), pH, calcium, magnesium,
and dissolved oxygen (DO) were assumed to be constant with time, not time-varying (Table 6.3).
Orthophosphate to total phosphorus ratio in the model was 0.5. Influent concentrations were
based on data provided by the County. For influent characteristics that are required by BioWin
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but were not reported by the County, default BioWin values were used. Default values were also
used for kinetic parameters, e.g., bacterial growth and death rates, reaction rates, Monod kinetic
parameters, etc.

Table 6.4. Influent concentrations of major species- BioWin® model
BOD
(mg/L)

TSS
(mg/L)

VSS
(mg/L)

Total kjeldahl
Nitrogen
(mg/L)

Total
Phosphorus
(mg/L)

Nitrate
(mg/L)

pH

Alkalinity
(mgl/L)

Ca2+
(mg/L)

Mg2+
(mg/L)

DO
(mg/L)

123

162

100

34

4

0

7.4

185

80

15

0.3

Parameters that describe operation at SCB (e.g., recycle rates, concentrations of bacteria
in the reactors, concentrations of dissolved oxygen in the reactors, residence times, etc.) were
based on knowledge of actual facility operations to the maximum extent possible. Sludge
wasting rate was controlled to keep mixed liquor suspended solid concentration between 2,500
and 3,000 mg/L in the aerobic basin. However, some parameters had to be estimated at this stage
based on previous model work performed before.
To assess the viability of EBPR via RAS fermentation to remove phosphorus rather than
via alum addition, a RAS fermentation stage was added to the model by adding a splitter to
divert RAS to an anaerobic reactor, with average residence time of 24 hours (Figure 6.5). Model
was simulated for two scenarios; (1) MLE with no fermentation, where 100% of RAS was sent
back directly to the anoxic reactor and (2) MLE with RAS fermentation, where 100% of the RAS
is diverted to the anaerobic reactor where is gets fermented before it’s recycled back to the
mainstream. No alum was added in both scenarios.
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Figure 6.5. BioWin® process model for SCB
6.3. Results and Discussion
6.3.1. Effect of Aeration/Oxygenation on Removal of Carbon in MLE Effluent
Chemical oxygen demand (COD) was removed from the municipal raw wastewater fed to
the system (Figure 6.6). The average COD concentration of influent samples collected from
NWRWRF was 521 mg/L. Concentrations of COD in the effluent of the system varied between
17 and 104 mg/L, with average concentration of 47 mg/L for the whole period. The average
removal efficiency was 93%. For the first 120 days (start-up period) of running the process, the
aeration was continuous and the average COD concentration in the effluent was 38 mg/L with
91% removal rate. During stage 1 (aeration: 30 min on and 30 off alternation), the average COD
concentration in the effluent was 67 mg/L with 87% removal rate. During stage 2 (30 min on, 30
min off, 30 min off alternation), the average COD concentration in the effluent was 60 mg/L
with 88% removal rate. During stage 3 (30 min on, 30 min on, 30 min off alternation), the
average COD concentration in the effluent was 39 mg/L with 92% removal rate.
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As expected, COD removal rate was the highest when aeration was continuous (93%).
COD removal rate was approximately the same in stage 1(87%) and stage 2 (88%). The impact
of aeration strategy on COD removal was observed but it was relatively low.
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Figure 6.6. COD removal under different aeration scenarios

6.3.2. Effect of Aeration/Oxygenation on Speciation and Removal of Nitrogen in MLE Effluent
Total nitrogen was removed from the municipal raw wastewater fed to the system (Figure
6.7). The average total nitrogen and soluble total nitrogen concentration of influent samples
collected from NWRWRF were 62 mg/L and 48 mg/L as N respectively.
Concentrations of total nitrogen in the effluent of the system varied between 5 and 38
mg/L as N, with average concentration of 21 mg/L as N for the whole period. Average removal
rate of total nitrogen was 66.1%. For the first 120 days (start-up period) of running the process,
the aeration was continuous and the average total nitrogen concentration in the effluent was 23
mg/L as N with 63% removal. Effluent nitrogen was mostly in the form of nitrate (19.1 mg/L as
N). This indicates that ammonium was almost completely nitrified but only a small portion of the
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nitrate is being denitrified, which resulted in high nitrate concentration in the effluent. This can
be explained by the oxygen recycle from the aerobic to the anoxic reactor via the internal
recycle. The presence of oxygen inhibits denitrification. During stage 1 (aeration was 30 min on
and 30 min off alternation), the average total nitrogen concentration in the effluent was 9 mg/L
with 85.4% removal rate. During this period, the average ammonium and nitrate concentrations
in the effluent were 5 and 1 mg/L as N, respectively. During stage 2 (aeration was 30 min on, 30
min off, 30 min off alternation), the average total nitrogen concentration in the effluent was 29
mg/L as N with 53% removal rate. During this period, nitrogen was in the form of ammonium
(average concentration of ammonium was 23 mg/L as N. During stage 3 (aeration was 30 min
on, 30 min on, 30 min off alternation), the average total nitrogen concentration in the effluent
was 12 mg/L as N with 83.9% removal rate. During this period, the average ammonium and
nitrate concentrations in the effluent was 6 and 5 mg/L as N, respectively.
Nitrogen removal efficiency was the highest in stage 1 (85.4%), where both ammonium
and nitrate concentrations were low. During stage 1, enough oxygen was supplied for
nitrification without inhibiting denitrification. Similar behavior was observed during stage 3 with
slightly lower removal rate of 83.9%. On the other side, too much oxygen (start-up period) and
very low oxygen (stage 2) supply didn’t result in a good nitrogen removal. Under continuous
oxygenation, effluent had high concentration of nitrate ended and under low oxygenation;
effluent had high concentration of ammonium. Aeration strategy had a relatively high impact on
nitrogen removal.
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Figure 6.7. Nitrogen removal under different aeration scenarios
6.3.3. Effect of Adding RAS Fermentation to the Lab-Scale MLE System on Phosphorus
Removal
As expected, no orthophosphate removal was observed in the first 150 days of the
experiment, where a lab-scale MLE (without RAS fermentation addition) was operated. To add
to this, orthophosphate concentration in the effluent was consistently higher than orthophosphate
concentration in the influent, suggesting the presence of unintended phosphorus release in the
system (Figure 6.8). Average orthophosphate concentration in the influent was 4.3 mg/L, while
average orthophosphate concentration in the effluent before RAS fermentation addition was 4.9
mg/L. This observation suggests that there was no biological phosphorus removal in the system
but I actually had some orthophosphate release (12%).
After installing the anaerobic RAS fermentation reactor, I observed that orthophosphate
was released in that reactor. When RAS fermentation was added to the system, orthophosphate
concentration in the anaerobic reactor effluent ranged between 4.6 and 24.7 mg/L as P (Figure
6.9), with an average of 7.4 mg/L as P. The average orthophosphate release was 42%. However,
orthophosphate in the effluent was still high, ranging between 1.8 and 12.7 mg/L as P (Figure
6.9), with an average of 5.3 mg/L as P.
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Figure 6.8. Orthophosphate concentrations in the influent and effluent before the addition of
RAS fermentation
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Figure 6.9. Orthophosphate concentrations before and after RAS fermentation addition
Despite orthophosphate release during RAS fermentation, orthophosphate wasn’t
removed in this experiment. This was a surprising result because according to previous studies,
EBPR via RAS fermentation is an efficient way to remove orthophosphate from wastewater
(Srinivasan et al. 2018, Barnard et al. 2017, Barnard & Kobylinski 2018). However, none of
these studies have been conducted to remove phosphorus from a continuous flow lab-scale MLE
system. Most of the studies have been conducted on real treatment plants that already have
EBPR and they desire to optimize EBPR performance. Moreover, different configurations of
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RAS fermentation have been used at these plants such as unmixed in-line mixed liquor
fermentation, instead of side-stream RAS fermentation configuration, which was used in this
study (Barnard & Kobylinski 2018). In a study conducted by Coats et al. (2018), using lab-scale
sequencing batch reactor to test the viability of EBPR via RAS fermentation, GAO enrichment
was observed, which can be detrimental to PAOs and hence EBPR. This observation was
controversial since it has been reported that RAS fermentation would have the opposite effect
(low GAO and high PAO) if installed (Kong et al. 2005, Nguyen et al. 2011, Kristiansen et al.
2013, Tooker et al. 2018, Onnis-Hayden et al. 2018, Srinivasan et al. 2018, Barnard &
Kobylinski 2018). In case, GAOs outcompete PAOs, EBPR can fail due to competition for
oxygen and might have been the case in this study.
Another hypothesis for why I didn’t observe orthophosphate removal in this experiment
can be lack of readily biodegradable substrate in the RAS. In that case, fermenters would rely on
endogenous decay, which slows down the growth rate and VFA production necessary to support
the growth of PAOs. A study by Carson (2012) supports this hypothesis; in that study, EBPR via
RAS didn’t occur until an external carbon source was added. One way to test this hypothesis is to
analyze readily biodegradable COD concentrations in the RAS stream. Possible solution to this
problem could be adding raw wastewater, primary sludge, or methanol to the RAS fermentation
reactor for necessary supply of readily biodegradable substrate.
6.3.4. MLE System Performance in BioWin Model of SCB WRF
BioWin model predicts effluent concentrations from SCB of TSS around 2 mg/L, BOD
around 2.7 mg/L, total nitrogen around 2.2 mg/L, and total phosphorus around 2.7 mg/L (mostly
in the form of orthophosphate) (Figure 6.10, Figure 6.11, Figure 6.12). These values change
slightly over time in response to the time-varying flow rate, but deviations are small. The
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predicted values are reasonable, agree with actual performance at SCB, and show that the MLE
process is effective in removing carbon and nitrogen but not phosphorus. Total phosphorus went
down from 4 mg/L in the influent to 2.7 mg/L in the effluent. However, the portion removed was
only due to solids settling, and not EBPR, since the form of phosphorus in the effluent was
mostly orthophosphate. Moreover, it looks like some unintended phosphorus release occurred in
the system since orthophosphate went from 2 mg/L in the influent to 2.7 mg/L in the effluent. I
saw a similar behavior with the lab-scale MLE system. The solids retention time (SRT; also
called mean cell residence time or θc) in the mainstream treatment train ranged between 14 and
30 days.
In summary, all critical values predicted by the BioWin model are reasonable. TSS,
BOD, and total nitrogen are below the permit limit. As expected, phosphorus was high since
there was no EBPR occurring or any alum addition, included in the model.
6.3.5. Effect of Adding RAS Fermentation to SCB WRF on Phosphorus Removal, Using BioWin
Model
When a RAS fermentation reactor was added to the process, BioWin model predicted
effluent concentrations of TSS around 1.7 mg/L, BOD around 2.7 mg/L, total nitrogen around
2.2 mg/L, and total phosphorus around 2.7 mg/L, mostly in the form of orthophosphate (Figure
6.13, Figure 6.14, Figure 6.15) These concentrations were similar to the ones of the baseline
BioWin model, before RAS fermentation was added. Orthophosphate concentration in the
fermentation reactor ranged between 5.7 and 10.2 mg/L (Figure 6.16) and was higher than
orthophosphate concentration entering the RAS fermentation reactor (2.4 -2.8 mg/L), indicating
phosphorus release. These values change slightly over time in response to the time-varying flow
rate, but deviations are small. The predicted values are reasonable and show that the MLE
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process is effective in removing carbon and nitrogen but not phosphorus. The SRT in the
mainstream treatment train ranged between 14 and 30 days.
Despite orthophosphate release in the RAS fermentation reactor, phosphorus
concentration in the effluent was still high. Orthophosphate concentration in the effluent (2.7
mg/L) was slightly higher than orthophosphate concentration in the influent (2 mg/L), indicating
that phosphorus wasn’t efficiently removed. I saw the same behavior with the lab-scale system,
where phosphorus release occurred when RAS fermentation was added to the MLE, but the net
of phosphorus taken up and released didn’t result in phosphorus removal but release instead.
BioWin results in this chapter agreed with previously developed models of EBPR via
RAS fermentation, where phosphorus wasn’t successfully removed (e.g. Barnard et al. 2017).
BioWin modeling failed because its default parameters do not account for different PAOs
species growth, such as Tetrasphaera, under deep anaerobic conditions. The model usually
results in GAOs outcompeting PAOs, which can be disadvantageous for EBPR (Barnard et al.
2017, Dold & Conidi 2019, Dunlap et al. 2016). Adjustment of default hydrolysis rate and
kinetic parameters in BioWin is needed to design for EBPR via RAS fermentation (Dunlap et al.
2016, Houweling et al. 2010).

Figure 6.10. Concentrations of TSS and BOD in the effluent- BioWin model

125

Figure 6.11. Concentrations of total nitrogen and TKN in the effluent- BioWin model

Figure 6.12. Concentrations of total phosphorus in the effluent –BioWin model

Figure 6.13. Concentrations of TSS and BOD in the effluent when RAS fermentation is addedBioWin model
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Figure 6.14. Concentrations of total nitrogen and TKN in the effluent when RAS fermentation is
added- BioWin model

Figure 6.15. Concentrations of total phosphorus in the effluent when RAS fermentation was
added –BioWin model

Figure 6.16. Concentrations of orthophosphate in the fermentation reactor- BioWin model
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6.4. Summary and Conclusions
In this chapter, EBPR via RAS fermentation was evaluated at a MLE process using a labscale continuous flow system and a BioWin model. As expected, both the lab-scale system and
the BioWin model were successful in removing TSS, BOD, and total nitrogen. Also, both lab
system and the BioWin model demonstrated phosphorus release in the RAS fermentation reactor,
which usually helps to facilitate EBPR (Tchobanoglous et al. 2014). However, despite
phosphorus release in the RAS fermentation reactor, both the lab-scale system and the BioWin
model were not successful in achieving a net removal of phosphorus using EBPR. In the labscale system and the BioWin model, phosphorus in the fermentation reactor reached 24.7 mg/L
as P and 10.2 mg/L as P, respectively. Average orthophosphate concentration in the effluent was
5.3 mg/L in the lab-scale system and 2.7 mg/L as P in the BioWin model. In both scenarios,
orthophosphate concentrations in the effluent was little bit higher than the influent.
This result doesn’t agree with some previous studies, however; different configurations
and set-up were provided in this study. Also, a study by Coats et al. 2018 suggested that RAS
fermentation could be detrimental for EBPR. Based on the higher phosphorus concentrations
observed here in the effluent, I suggest that further bench-scale testing and optimization should
be performed to improve EBPR via RAS fermentation before drawing any final conclusion on
this process. It’s recommended to test if RAS fermentation is limited by low supply of readily
biodegradable COD. One solution might be to add raw wastewater or an external carbon source
to RAS fermentation reactor, which can improve the production of VFA necessary to improve
the growth of PAOs.
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Chapter 7. Conclusions and Recommendations
Conventional processes for removing nitrogen and phosphorus at water reclamation
facilities (WRFs) are far from being efficient. Enhanced biological phosphorus removal (EBPR)
has difficulty meeting permit limits and its viability is questionable under common treatment
configurations such as an oxidation ditch or a modified Ludzack-Ettinger (MLE) process. Also,
at WRFs, recycling of nutrients (nitrogen and phosphorus) from solids-handling processes to the
mainstream treatment process can have detrimental effects on biological nutrient removal
systems. At some facilities, these two problems compound each other: more alum is needed to
remove the same phosphorus molecules that have been recycled repeatedly through the WRF,
and EBPR is inhibited by the presence of nitrate in the sidestream. The objectives of this
dissertation were the following:
7.1. Quantitatively Assess the Fate of Nitrogen and Phosphorus at a Treatment Facility that
Employs Biological Nutrient Removal, Aerobic Digestion, and Sidestream Recycle
A significant amount of nitrogen was removed in the fermentation basin at Northwest
Regional Water Reclamation Facility (NWRWRF), suggesting that simultaneous nitrification
and denitrification were occurring in that reactor, and indicating that the condition in reactor is
not truly anaerobic. This can be attributed to the presence of nitrate in the aerobic digestion
sidestream return and to the entrainment of low levels (0.2–0.3 mg/L) of dissolved oxygen.
As expected, nitrogen and phosphorus were released in the aerobic digestion; however,
only phosphorus release was significant. Nearly half of the overall phosphorus flux into
NWRWRF was recycled from the adjoining Biosolid Management Facility’s (BMF) sidestream,
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indicating inefficiency in the current treatment process. Also, phosphorus release did not occur in
the fermentation reactor, supporting the claim that the conditions in the reactor were not truly
anaerobic. However, it appeared that fermentation (production of volatile fatty acids) and
release of phosphorus may have occurred in the return activated sludge line, which supports
EBPR and partially compensates for denitrifying redox conditions in the fermentation basin.
Although the fluxes measured here are particular to the treatment systems under
consideration, the general trends observed are likely to apply to many similar facilities. We
recommend that such facilities consider (1) removal or recovery of phosphorus from their
sidestreams and (2) returning sidestreams downstream of fermentation basins in the mainstream
treatment process to avoid interference with the EBPR processes.
7.2. Evaluate the Performance of MFC as a Technology to Remove Nitrogen from
Sidestreams at a Treatment Facility that Employs Biological Nutrient Removal, Aerobic
Digestion, and Sidestream Recycle
MFC was successful in removing nitrate from aerobic digestion sidestream while
simultaneously producing electricity. Overall, the results are encouraging for the prospect of
applying MFCs for simultaneous power generation and nitrate removal from aerobic digester
sidestreams. However, power generation observed here was low, and further bench-scale testing
and optimization should be performed to improve power generation before the technology is
tested at the pilot-scale. Possible methods for increasing the power generation include using a
more sophisticated MFC design and/or applying the MFC to an external load or power demand
that better matches the internal resistance of the MFC. Moreover, future studies to mitigate
complications with membrane fouling would help improve power generation.
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7.3. Determine the Fate of Phosphorus at a Treatment Facility that Employs an Oxidation
Ditch and is Characterized by Simultaneous Nitrification and Denitrification
Simultaneous nitrification and denitrification (SND) and EBPR were shown to occur in
the oxidation ditch at Falkenburg Advanced Wastewater Treatment plant (FAWTP). The SND in
the oxidation ditch can be attributed to different aerobic and anoxic zones in the OD, intra floc
microanoxic zones and/or aerobic denitrification (e.g., Thiosphaera pantotropha). Typical EBPR
behavior was observed, where orthophosphate was released in the fermentation basin and taken
up in the OD. Phosphorus uptake can be carried out in aerobic zones by PAO and/or in anoxic
zones by DPAO (e.g., Bacillus cereus GS-5 strain) in the OD. Another not well-understood
mechanism of phosphorus uptake could occur on a microenvironment level. Further research
should be conducted at FAWTP to investigate the presence of DPAOs. Further research is
needed to further understand the mechanisms of nitrogen and phosphorus removal during SND.
A promising line of future research could be to (1) assess the effect of floc size and shape on
SND efficiency, (2) determine the optimal floc size and shape to promote SND, and (3) engineer
reactor conditions to promote the floc growth (and shear) to the desired size and shape.
7.4. Assess the Potential of Implementing EBPR to MLE Process via the Addition of RAS
Fermentation, Using a Lab-Scale MLE System and a BioWin Model of a Treatment
Facility that Employs MLE
EBPR via RAS fermentation was evaluated at a MLE process using a lab-scale
continuous flow system and a BioWin model. As expected, both the lab-scale system and the
BioWin model were successful in removing total suspended solids,, chemical oxygen demand,
and total nitrogen. However, despite phosphorus release in the RAS fermentation reactor, both
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the lab-scale system and the BioWin model were not successful in achieving a net removal of
phosphorus using EBPR.
This result doesn’t agree with some previous studies, however; different configurations
and set-up were provided in this study. I suggest that further bench-scale testing and optimization
should be performed to improve EBPR via RAS fermentation before drawing any final
conclusion on this process. To optimize EBPR via RAS fermentation, it’s recommended to add
raw wastewater or an external carbon source to RAS fermentation reactor to improve the
production of volatile fatty acids necessary to improve the growth of phosphate accumulating
organisms.
7.5. Practical Impact of this Research
In response to the finding of significant phosphorus return from BMF to NWRWRF,
Hillsborough County altered their operation of the BMF. Gravity-belt thickening and aerobic
digestion were both discontinued. Solids are now managed principally through centrifugation
for dewatering. This process change greatly reduced the phosphorus return from BMF to
NWRWRF, allowing the County to discontinue using alum at NWRWRF for chemical
phosphorus removal. Moreover, a portion of the cake generated is no longer hauled off to a
landfill but rather composted and distributed as fertilizer for land application.
In addition, the study at FAWTP confirmed EBPR occurrence in the oxidation ditch and
that helped Hillsborough County to make the decision on cutting down on alum addition and
hence reducing operational cost.
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Appendix A: Copyright Permissions
The permission below is for the use of Chapter 3 article: Mass fluxes of nitrogen and phosphorus
through water reclamation facilities: Case study of biological nutrient removal, aerobic sludge
digestion, and sidestream recycle.
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Chapter 5 (Enhanced Biological Phosphorus Removal during Simultaneous Nitrification and
Denitrification in an Oxidation Ditch) was published but the authors still own the copyright. See
below
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Appendix B: Supporting Information5
This appendix includes supporting information for Chapter 3: Mass fluxes of nitrogen
and phosphorus through water reclamation facilities: Case study of biological nutrient removal,
aerobic sludge digestion, and sidestream recycle.

5

The material in this Appendix was originally published as online Supporting Information for
the following paper: Kassouf H., Garcia Parra A., Mulford L., Iranipour G., Ergas S.J.,
Cunningham J.A. Mass fluxes of nitrogen and phosphorus through water reclamation facilities:
Case study of biological nutrient removal, aerobic sludge digestion, and sidestream recycle.
Water Environment Research, 2020, 92, 478-489.
https://onlinelibrary.wiley.com/action/downloadSupplement?doi=10.1002%2Fwer.1239&file=w
er1239-sup-0001-Supinfo.docx. Most of this section was prepared and written by Jeffrey A.
Cunningham, Ph.D.
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Figure B1. Process flow diagram for Northwest Regional Water Reclamation Facility (NWRWRF). Streams are numbered to be
consistent with Figure 3.1 in the chapter’s main text. Note that stream 4 (effluent of the first anoxic basin) is not labeled because the
internal recycle between the aerobic and anoxic basins require that the two basins be treated as a single reactor for the purposes of data
reconciliation.
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•

Data Reconciliation for Volumetric Flow Rates at NWRWRF
Based on Figure B1, seven balance equations for the volumetric flow rates can be written

as follows. These assume that any differences in density are small enough to be negligible.
Q1 – Q2 + Q8 = 0

(B.1)

Q2 – Q3 = 0

(B.2)

Q3 – Q5 = 0

(B.3)

Q5 – Q6 = 0

(B.4)

Q6 – Q7 = 0

(B.5)

Q7 – Q9 – Q10 = 0

(B.6)

–Q8 + Q10 – Q11 = 0

(B.7)

Measured flow data from the six sampling campaigns are provided in Table B1. For all
data tables provided in the Supporting Information, the coefficient of variation (standard
deviation divided by arithmetic mean) is provided to quantify the degree of variability in the
measured data.
Table B1. Measured flow rates at NWRWRF
Sampling
campaign 1

Sampling
campaign 2

Sampling
campaign 3

Sampling
campaign 4

Sampling
campaign 5

Sampling
campaign 6

Coefficient
of variation

Q1 (ML/d)

25.2

20.1

27.1

26.3

26.3

26.4

9%

Q8 (ML/d)

8.7

7.6

12.9

15.5

15.1

15.1

26%

Q9 (ML/d)

22.7

20.2

27.4

22.7

23.8

22.8

9%

Q11
(ML/d)

0.53

0.45

0.76

0.76

0.76

0.76

19%

As can be seen from Table B1, measurements are available for Q1, Q8, Q9, and Q11.
However, the other flow rates were not measured during the sampling campaigns. Therefore,
equations (B.1)–(B.7) can be re-written in matrix form as follows, where the first matrix on the
left-hand-side accounts for measured flow rates, and the second matrix on the left-hand-side
accounts for unmeasured flow rates.
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1
1
0
0
−1
0
0
0
0
0 !
!
0
0
0
0 !
1 −1
0
0
0
0 !
!
!
0
0
0
0 !
0
1 −1
0
0
0 !
!
0
0
0
0 ! + 0
0
1 −1
0
0 !! = 0
!
!
0
0
0
0
0
0
0
1 −1
0
!!!
!!
0
0 −1
0
0
0
0
0
1 −1
!
0 −1
0 −1
0
0
0
0
0
1 !"

(B.8)

Using the notation of Tamhane and Mah (1985), we can write equation (B.8) compactly as
Bη + Aξ = c

(B.9)

where η represents the vector of “true” or “correct” or “balanced” values of the measured flow
rates, and ξ represents the vector of the unmeasured flow rates. The vector η can be re-written
as
η = y + ε

(B.10)

where y is a vector of average (mean) values of the measured data (i.e., the mean values of the
flow rates from Table B1), and ε is a vector of adjustments that must be made to the mean values
in order to balance the equations. The goal is that ε would in some sense be “small”, allowing
the balances to close while making only small adjustments to the measured data. Combining
(B.9) with (B.10) yields
Bε + Aξ = d

(B.11)

where d = -B y + c, which is known based on Table B1 and the equations above.
The goal of data reconciliation is to solve equation B.11 in a manner that minimizes the
error objective function ε T Σ –1 ε , where Σ is the covariance matrix of the observed flow rates y.
The covariance matrix Σ is easily computed from the data in Table B1. The purpose of including
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the covariance matrix in the error objective function is to allow greater adjustments to the
quantities that are less certain (higher variance), while ensuring that smaller adjustments are
made to the measured quantities that are more certain (lower variance).
To solve (B.11) according to this constraint, we proceed as follows. We select a matrix P
such that P A = 0; for the matrix A given in (B.8), a good choice for P is a 1-by-7 matrix in
which every element is 1. Multiplying (B.11) by P from the left, we derive
PBε = g

(B.12)

where g = P d. In general, (B.12) may be either over-determined or under-determined, so there
is likely not a unique solution ε that satisfies (B.12). Our goal is now to solve (B.12) in a
manner that minimizes the error objective function ε T Σ –1 ε .
To accomplish this, take the Cholesky factorization of Σ –1, i.e., HT H = Σ –1. This implies
that minimizing ε T Σ –1 ε is the same as minimizing ε T HT H ε , which is the same as minimizing
δ T δ if we define δ = H ε. This definition also means that ε = H–1 d. Thus we re-write (B.12) as

P B H–1 δ = g

(B.13)

where the goal is to find a solution δ that minimizes δ T δ . This is now a straightforward “least
squares” problem, even if the system is over- or under-determined. Solving (B.13) to find δ that
minimizes δ δ can be accomplished either using the Moore-Penrose pseudo-inverse of P B H–1,
Τ

if it exists, or else by using the singular value decomposition of P B H–1; see, for instance, Golub
and van Loan (1989). The singular value decomposition method is easily implemented in
Matlab. Once δ is known, it is straightforward to compute ε = H–1 δ (or, equivalently, to solve
H ε = δ) and then η = y + ε. Finally, (B.9) can be re-arranged as
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Aξ = c – Bη

(B.14)

which can be solved for ξ, the vector of unmeasured flow rates.
This completes the data reconciliation process. The solutions η and ξ represent optimal
values for all flow rates, both measured and unmeasured, that satisfy all the balance equations
(B.1) through (B.7) while minimizing the error objective function. For the data given here, the
optimized flow rates are as follows.
Q1 = 24.4 ML/d

Q2 = 35.6 ML/d

Q3 = 35.6 ML/d

Q5 = 35.6 ML/d

Q6 = 35.6 ML/d

Q7 = 35.6 ML/d

Q8 = 11.2 ML/d

Q9 = 23.8 ML/d

Q10 = 11.8 ML/d

Q11 = 0.63 ML/d
It is easy to verify that these satisfy the balance equations (B.1) through (B.7), and also
that the values of Q1, Q8, Q9, and Q11 are consistent with the measured values shown in Table
B1.
•

Data Reconciliation for Total Phosphorus Concentrations at NWRWRF
The mass of total phosphorus (TP) is a conserved quantity within the wastewater

treatment process. Phosphorus may be taken up from the aqueous phase into the solid phase, or
may be released from the solid phase into the aqueous phase, but the overall mass of total
phosphorus is conserved. This means that the data for TP concentrations may be reconciled in a
manner very similar to the data reconciliation for volumetric flow rate.
Based on Figure B1, seven balance equations for the mass loadings of total phosphorus
can be written. An eighth equation is also possible because concentrations are equal when a
single stream is split into two streams, e.g., when the clarifier bottom is split into return activated
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sludge (RAS) and waste activated sludge (WAS). Thus the following eight equations can be
written, where Pj represents the concentration of total phosphorus (mg/L as P) in stream j.
Q1 P1 – Q2 P2 + Q8 P8 = 0

(B.15)

Q2 P2 – Q3 P3 = 0

(B.16)

Q3 P3 – Q5 P5 = 0

(B.17)

Q5 P5 – Q6 P6 = 0

(B.18)

Q6 P6 – Q7 P7 = 0

(B.19)

Q7 P7 – Q9 P9 – Q10 P10 = 0

(B.20)

–Q8 P8 + Q10 P10 – Q11 P11 = 0

(B.21)

P8 = P11

(B.22)

Hillsborough County regularly monitors the treated effluent (stream 9) to ensure that the
concentration of total phosphorus does not exceed the permitted limit of 1 mg/L (annual average
concentration). Thus we re-write equation (B.20) as follows
Q7 P7 – Q10 P10 = Q9 * 1 mg/L

(B.20')

which fixes the concentration P9 at 1 mg/L during the data reconciliation process. This is
justified because the County has many years of historical data consistent with this assumption.
Measured phosphorus concentrations from the six sampling campaigns are provided in
Table B2. Values in the table are averages (means) of duplicate measurements. Concentrations
are expressed in mg/L as P.

146

Table B2. Measured concentrations of total phosphorus (TP) at NWRWRF
Sampling
campaign 1

Sampling
campaign 2

Sampling
campaign 3

Sampling
campaign 4

Sampling
campaign 5

Sampling
campaign 6

Coefficient
of variation

P1 (mg/L)

34

45

16

7

15

16

59%

P2 (mg/L)

148

180

194

180

208

191

10%

P3 (mg/L)

178

160

170

218

222

233

14%

P5 (mg/L)

135

172

178

246

219

240

20%

P6 (mg/L)

126

164

203

218

203

207

17%

P7 (mg/L)

141

194

174

203

209

214

13%

P8 (mg/L)

388

548

581

495

516

495

12%

As can be seen from Table B2, measurements are available for P1 through P8, but not for
P10 or P11. Therefore, equations (B.15)–(B.22) can be re-written in matrix form as follows,
where the first matrix on the left-hand-side accounts for measured concentrations, and the second
matrix on the left-hand-side accounts for unmeasured concentrations.
!! −!!
0
0
0
0
!!
0
!! – !!
0
0
0
0
0
0
!! – !!
0
0
0
0
0
0
!! – !!
0
0
0
0
0
0
!! – !!
0
0
0
0
0
0
!!
0
0
0
0
0
0
0 −!!
0
0
0
0
0
0
1

0
0
0
!!
0
0
0
!!
0
0
0
!!
0
0 !!"
0
!! +
=
(B.23)
0
0 !!!
0
!!
1 ∗ !!
– !!"
0
!!
0
!!" −!!!
!!
0
0
−1

All flow rates Qj in equation (B.23) are known from the preceding data reconciliation of the
volumetric flow rates.
From (B.23), the data reconciliation process is the same as detailed above. The only
difference is the selection of an appropriate matrix P that allows P A = 0 for the new system of
equations. All other steps are the same as for the volumetric flow rates.
The optimized TP concentrations are found to be the following.
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P1 = 16 mg/L

P2 = 189 mg/L

P3 = 189 mg/L

P5 = 189 mg/L

P6 = 189 mg/L

P7 = 189 mg/L

P8 = 568 mg/L

P9 = 1.0 mg/L

P10 = 568 mg/L

P11 = 568 mg/L
The optimized concentrations are consistent with the measured values shown in Table B2.
Multiplying the concentrations (mg/L) by the applicable volumetric flow rates (ML/d) yields a
mass flux or mass loading of total phosphorus, in units of kg/d. These are shown graphically in
Chapter 3.
•

Data Reconciliation for Total Nitrogen Concentrations at NWRWRF

The mass of total nitrogen (TN) is not a conserved quantity within the wastewater treatment
process: nitrogen is removed from the wastewater by nitrification-denitrification. The rate of
nitrogen removal in any given reactor is not measured directly, but cannot assumed to be zero.
Therefore, balance equations for total nitrogen must include terms that account for the unknown
rates of nitrogen removal. Thus the following eight equations can be written, where Nj
represents the concentration of total nitrogen (mg/L as N) in stream j.
Q1 N1 – Q2 N2 + Q8 N8 = 0

(B.24)

Q2 N2 – Q3 N3 – Rfermentation= 0

(B.25)

Q3 N3 – Q5 N5 – Rfirst-stage= 0

(B.26)

Q5 N5 – Q6 N6 – Rsecond-stage = 0

(B.27)

Q6 N6 – Q7 N7 = 0

(B.28)

Q7 N7 – Q9 N9 – Q10 N10 – Rclarifier= 0

(B.29)

–Q8 N8 + Q10 N10 – Q11 N11 = 0

(B.30)

N8 = N11

(B.31)
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Equations (B.24)–(B.31) allow that nitrogen might be removed in the fermentation basin, in the
first anoxic-aerobic stage, in the second anoxic basin, and/or in the clarifier. It is assumed that
nitrogen is not removed in the re-aeration basin, because no denitrification should occur in that
stage. Also, it is assumed that the mass of total nitrogen is conserved when two streams join into
one or when one stream splits into two.
Hillsborough County regularly monitors the treated effluent (stream 9) to ensure that the
concentration of total nitrogen does not exceed the permitted limit of 3 mg/L (annual average
concentration). Thus we re-write equation (B.29) as follows
Q7 N7 – Q10 N10 – Rclarifier = Q9 * 3 mg/L

(B.29')

which fixes the concentration N9 at 3 mg/L during the data reconciliation process. This is
justified because the County has many years of historical data consistent with this assumption.
Measured total nitrogen concentrations from the final five sampling campaigns are
provided in Table B3. Values from the first campaign are not available because the analytical
method had not yet been properly calibrated during the first sampling campaign. Values in the
table are averages (means) of duplicate measurements. Concentrations are expressed in mg/L as
N.
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Table B3. Measured concentrations of total nitrogen (TN) at NWRWRF
Sampling
campaign 2

Sampling
campaign 3

Sampling
campaign 4

Sampling
campaign 5

Sampling
campaign 6

Coefficient of
variation

N1 (mg/L)

88

81

31

79

98

31%

N2 (mg/L)

283

307

264

508

606

35%

N3 (mg/L)

216

320

287

403

395

22%

N5 (mg/L)

252

255

340

494

525

31%

N6 (mg/L)

207

297

252

413

497

32%

N7 (mg/L)

194

287

231

382

591

42%

N8 (mg/L)

709

781

535

847

1000

20%

As can be seen from Table B3, measurements are available for N1 through N8, but not for
N10 or N11, and not for the four nitrogen removal rates Rfermentation, Rfirst-stage, Rsecond-stage, and
Rclarifier. Therefore, equations (B.24)–(B.31) can be re-written in matrix form as follows, where
the first matrix on the left-hand-side accounts for measured concentrations, and the second
matrix on the left-hand-side accounts for unmeasured concentrations and removal rates.
!!
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0
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0
0
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0
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0
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0
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0
0
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– !!
!!
0
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!!

0
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!!
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0
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0
0
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0
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0
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0
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0
0
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0
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0
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0
=
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0
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0 !!"
!!!
0
−!!!
0
−1

(B.32)

All flow rates Qj in equation (B.32) are known from the preceding data reconciliation of the
volumetric flow rates.
The optimized TN concentrations and the associated nitrogen removal rates are found to
be the following.
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N1 = 76 mg/L

N2 = 273 mg/L

N3 = 255 mg/L

N5 = 246 mg/L

N6 = 241 mg/L

N7 = 241 mg/L

N8 = 706 mg/L

N9 = 3.0 mg/L

N10 = 706 mg/L

N11 = 706 mg/L
Rfermentation = 650 kg/d

Rfirst-stage = 326 kg/d

Rsecond-stage = 186 kg/d

Rclarifier = 186 kg/d
The optimized concentrations are consistent with the measured values shown in Table B3.
Multiplying the concentrations (mg/L) by the applicable volumetric flow rates (ML/d) yields a
mass flux or mass loading of total nitrogen, in units of kg/d. These are shown graphically in
Chapter 3.
•

Data Reconciliation for Aqueous Nitrogen Species at NWRWRF
Samples collected from NWRWRF were filtered, and the filtrate was analyzed for

aqueous-phase concentrations of total nitrogen, ammonium, and nitrate+nitrite. Nitrate and
nitrite could not be distinguished in the analytical method used, so the reported concentrations
are combined concentration of nitrate and nitrite together. (For simplicity of notation, we herein
refer to the concentration of NO3–, but this actually represents the combined concentrations of
NO3– and NO2–.) These aqueous-phase nitrogen species are not expected to be conserved or to
obey balance equations, because they are subject to a number of reactions and processes such as
nitrification-denitrification, assimilation into bacterial biomass (i.e., transfer from the aqueous
phase to the solid phase), and release from bacterial decay (i.e., transfer from the solid phase to
the aqueous phase). However, at the point in the treatment process where RAS is recycled back
into the plant influent stream, it is expected that aqueous-phase nitrogen species would be
conserved, because the mixing of these two streams would not be expected to induce any
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chemical reactions or phase transfer of nitrogen species. Therefore we can write the following
balance equations.
Q1 TN1aq – Q2 TN2aq + Q8 TN8aq = 0

(B.33a)

Q1 [NH4+]1aq – Q2 [NH4+]2aq + Q8 [NH4+]8aq = 0

(B.33b)

Q1 [NO3–]1aq – Q2 [NO3–]2aq + Q8 [NO3–]8aq = 0

(B.33c)

where TNjaq represents the aqueous-phase concentration of total nitrogen in stream j, [NH4+]jaq
represents the aqueous-phase concentration of ammonium in stream j, and [NO3–]jaq represents
the aqueous-phase concentration of nitrate+nitrite in stream j. Concentrations of these species
are provided in Table B4. Reported concentrations are in units of mg/L as N, and are average
(mean) concentrations from duplicate samples.
Table B4. Measured concentrations of aqueous-phase nitrogen species at NWRWRF
Sampling
campaign 1

Sampling
campaign 2

Sampling
campaign 3

Sampling
campaign 4

Sampling
campaign 5

Sampling
campaign
6

Coefficient
of variation

TN1aq (mg/L)

43

40

45

23

58

84

38%

TN2aq (mg/L)

33

34

29

28

39

56

26%

TN8 (mg/L)

2.2

2.2

1.8

2.4

6.8

1.4

65%

[NH4+]1aq

36

34

37

17

34

23%

30

27

25

20

20

16%

0.02

0.5

0.4

0.7

0.2

65%

3.0

5.6

0.11

0.28

nd

nd

142%

nd

3.3

0.14

0.14

nd

nd

203%

nd

0.04

0.18

0.11

nd

0.04

104%

aq

(mg/L)
[NH4+]2aq
(mg/L)
[NH4+]8aq
(mg/L)
[NO3–]1aq
(mg/L)
[NO3–]2aq
(mg/L)
[NO3–]8aq
(mg/L)

nd = not detected
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Data reconciliation for any of the three aqueous-phase nitrogen species is simpler than
the previous chemical species considered, because there are no unmeasured concentrations in
equation (B.33). Therefore equation (B.11) simplifies to
Bε = d

(B.34)

and there is no need to “condition” the problem with multiplication by the matrix P. Equation
(B.13) thus simplifies to
B H–1 δ = d

(B.35)

which can be solved for the least-squares value of δ using the singular-value decomposition of
B H–1.
The optimized concentrations of the aqueous-phase nitrogen species are found to be the
following.
TN1aq = 52 mg/L

TN2aq = 37 mg/L

TN8aq = 2.8 mg/L

[NH4+]1aq = 35 mg/L

[NH4+]2aq = 24 mg/L

[NH4+]8aq = 0.4 mg/L

[NO3–]1aq = 0.8 mg/L

[NO3–]2aq = 0.6 mg/L

[NO3–]8aq = 0.1 mg/L

Concentrations of aqueous-phase nitrogen species in all other streams (i.e., streams 3, 5,
6, 7, 9, 10, and 11 in Figure B1) are assumed to be equal to their mean concentrations from the
six sampling campaigns. There is no basis for adjusting the measured values, so the measured
values are assumed to be the best available estimates of the true concentrations.
•

Data Reconciliation for Aqueous Phosphorus Concentrations at NWRWRF
Although the mass of total phosphorus (TP) is a conserved quantity within the

wastewater treatment process, phosphorus can be taken up from aqueous solution into the solid
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phase, or, conversely, released from the solid phase into aqueous solution. Therefore, we would
not necessarily expect the mass of aqueous phosphorus to be conserved in all reactors at
NWRWRF. We can thus write the following balance equations:
Q1 P1aq – Q2 P2aq + Q8 P8aq – URAS = 0

(B.36)

Q2 P2aq – Q3 P3aq – Ufermentation= 0

(B.37)

Q3 P3aq – Q5 P5aq – Ufirst-stage= 0

(B.38)

Q5 P5aq – Q6 P6aq = 0

(B.39)

Q6 P6aq – Q7 P7aq – Ure-aeration= 0

(B.40)

Q7 P7aq – Q9 P9aq – Q10 P10aq = 0

(B.41)

–Q8 P8aq + Q10 P10aq – Q11 P11aq = 0

(B.42)

P8aq = P11aq

(B.43)

where the rates U represent the rate of uptake of phosphorus (transfer from the aqueous phase to
the solid phase) in the different stages of the treatment process. If phosphorus is released from
the solid phase to the aqueous phase within a particular reactor, then the value of U will be
negative for that reactor, indicating release rather than uptake.
Table B5 summarizes the measured concentrations of aqueous-phase total phosphorus
collected during the six sampling campaigns. Concentrations are in mg/L as P and represent the
average (mean) values from duplicate analyses. Concentrations were determined by filtering the
collected samples and then measuring the TP concentration in the filtrate.
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Table B5. Measured concentrations of aqueous-phase total phosphorus (TP) at NWRWRF
Sampling
campaign 1

Sampling
campaign 2

Sampling
campaign 3

Sampling
campaign 4

Sampling
campaign 5

Sampling
campaign 6

Coefficient
of variation

13

3.2

14

12

41%

P1aq (mg/L)
P2aq (mg/L)

42

56

41

37

41

43

14%

P3 (mg/L)

37

25

34

34

47

49

22%

P5aq (mg/L)

1.6

7.0

0.8

16

6.2

13

75%

P6aq (mg/L)

7.5

6.6

1.3

10

7.5

6.6

40%

P7 (mg/L)

1.8

5.2

0.15

7.0

2.4

2.1

74%

P8aq (mg/L)

1.2

20

14

15

17

24

47%

0.4

1.8

0.2

3.9

0.34

0.4

114%

aq

aq

aq

P9 (mg/L)

As can be seen from Table B5, measurements are available for P1aq through P9aq, but not
for P10aq or P11aq. As before, we use historical data from the County to set P9aq = 1.0 mg/L.
Therefore, equations (B.36)–(B.43) can be re-written in matrix form as follows.
!!

−!!

0

0

0

0

!! ! !"
!
0 ! !"

0

!!

– !!

0

0

0

0

0

!!

– !!

0

0

0

0

0

0

!!

– !!

0

0

0
0
0
0

0
0
0
0

0
0
0
0

0
0
0
0

!!
0
0
0

– !!
!!
0
0

0
0
−!!
1

!
!"
!!
!"
!!
!"
!!
!"
!!
!"
!!

−1
0
0
0
+
0
0
0
0

0
−1
0
0
0
0
0
0

0
0
−1
0
0
0
0
0

0
0
0
0
−1
0
0
0

0
0
0
0
0
−!!"
!!"
0

0
0
!RAS
0
0
!ferm
0
0
!first
0
0
!re-aer =
0
0
!"
0
!!"
1 ∗ !!
−!!! ! !"
0
!!
0
−1

(B.44)

All flow rates Qj in equation (B.44) are known from the preceding data reconciliation of
the volumetric flow rates. The concentrations of dissolved phosphorus, and the uptake rates U,
that satisfy equation (B.44) while minimizing the error criterion are as follows.
P1aq = 11 mg/L

P2aq = 43 mg/L

P3aq = 34 mg/L

P5aq = 8 mg/L

P6aq = 8 mg/L

P7aq = 4 mg/L

P8aq = 11 mg/L

P9aq = 1.0 mg/L

P10aq = 11 mg/L

P10aq = 11 mg/L
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URAS = –1132 kg/d (P release)

Ufermentation = 306 kg/d (P uptake)

Ufirst-stage = 926 kg/d (P uptake)

Ure-aeration = 131 kg/d (P uptake)

Multiplying the concentrations (mg/L) by the applicable volumetric flow rates (ML/d)
yields a mass flux or mass loading of total phosphorus, in units of kg/d. These are shown
graphically in Chapter 3.
•

Concentrations of Volatile Fatty Acids (VFAs) at NWRWRF
The concentration of volatile fatty acids (VFAs) in the influent and the effluent of the

fermentation basin was measured during the third through sixth sampling campaigns. Table B6
summarizes the measured concentrations. Concentrations in Table B6 are average (mean) values
of duplicate measurements, and are reported in mg/L as acetate.

Table B6. Measured concentrations of VFAs at NWRWRF
Sampling
campaign 3

Sampling
campaign 4

Sampling
campaign 5

Sampling
campaign 6

Average
concentration

Coefficient of
variation

Influent to
fermentation
basin (mg/L)

448

467

399

518

458

9%

Effluent of
fermentation
basin (mg/L)

435

508

413

521

469

10%
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Figure B2. Process flow diagram for Biosolids Management Facility (BMF). Streams are
numbered to be consistent with Figure 3.2.

•

Data Reconciliation for Volumetric Flow Rates at BMF
Based on Figure B2, four balance equations for the volumetric flow rates at the Biosolids

Management Facility (BMF) can be written. These balance equations assume that any
differences in density are small enough to be negligible. This assumption is somewhat
questionable in the case of the “cake”, which has a density around 1,100 kg/m3. However, the
~10% error is ignored here.

Q1 – Q2 – Q5 = 0

(B.45)

Q5 – Q6 = 0

(B.46)
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Q6 – Q4 – Q7 = 0

(B.47)

Q2 + Q4 – Q3 = 0

(B.48)

A fifth constraint is known from the performance of the centrifuge.
Q4 = 0.933 Q6

(B.49)

Measured flow data from the six sampling campaigns are provided in Table B7.

Table B7. Measured flow rates at BMF
Sampling
campaign 1

Sampling
campaign 2

Sampling
campaign 3

Sampling
campaign 4

Sampling
campaign 5

Sampling
campaign 6

Coefficient
of
variation

Q1 (ML/d)

1.31

1.64

2.37

3.21

2.02

2.09

28%

Q5 (ML/d)

0.29

0.66

0.65

1.28

0.58

0.89

42%

As can be seen from Table B7, measurements are available for Q1 and Q5. Flow rates
were not measured for Q2, Q3, Q4, or Q7. The balance equations can therefore be written in terms
of measured and unmeasured flow rates as follows.
1 −1
−1
0
0
0
0 !!
0
1 !
0
0
0
−1
0 !!
0
0 !! + 0
0 −1
1 −1 !! = 0
!
0
0
1 −1
1
0
0 !!
0
0
0
0
1 −0.933
0 !!

(B.50)

The solution to this equation that minimizes the error criterion is as follows.
Q1 = 2.11 ML/d

Q2 = 1.38 ML/d

Q3 = 2.06 ML/d

Q4 = 0.68 ML/d

Q5 = 0.73 ML/d

Q6 = 0.73 ML/d

Q7 = 0.048 ML/d
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It is easy to verify that these satisfy the balance equations (B.45) through (B.49), and also that
the values of Q1 and Q5 are consistent with the measured values shown in Table B7.
•

Data Reconciliation for Total Phosphorus Concentrations at BMF
As discussed above, the mass of total phosphorus (TP) is a conserved quantity.

Therefore, based on Figure B2, the following balance equations can be written for TP at BMF.
Q1 P1 – Q2 P2 – Q5 P5 = 0

(B.51)

Q2 P2 – Q3 P3 + Q4 P4 = 0

(B.52)

Q5 P5 – Q6 P6 = 0

(B.53)

–Q4 P4 + Q6 P6 – Q7 P7 = 0

(B.54)

TP concentrations were measured in all seven streams. Data are shown in Table B8.
Concentrations in Table B8 are average (mean) values of duplicate measurements.

Table B8. Measured concentrations of total phosphorus (TP) at BMF
Sampling
campaign 1

Sampling
campaign 2

Sampling
campaign 3

Sampling
campaign 4

Sampling
campaign 5

Sampling
campaign 6

Coefficient
of variation

P1 (mg/L)

166

266

149

247

210

264

21%

P2 (mg/L)

18

35

4.2

9.6

4.3

81%

P3 (mg/L)

142

166

27

51

54

71

60%

P4 (mg/L)

309

339

294

318

363

233

13%

P5 (mg/L)

646

329

943

315

875

470

41%

P6 (mg/L)

768

898

788

805

893

750

7%

P7 (mg/L)

5680

6710

4050

6300

7560

6000

18%
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Equations (B.51)–(B.54) can be written in matrix form as follows.
!!
!! −!!
0
0 −!!
0
0 !!
0
!!
0
0
!! – !!
!!
0
0
0 !
! =
0
0
0
0
0
!! −!!
0 !
!
0
0
0
0 −!!
0
!! −!! !
!
!!

(B.55)

This equation can also be written as B η = 0. Since η = y + ε, this implies B ε = –B y.
This is an under-determined systems with four equations for seven unknowns. As before, the
solution that minimizes the error criterion can be found via singular value decomposition. This
produces the “best” estimate of the TP concentrations in all streams at BMF.
P1 = 253 mg/L

P2 = 14 mg/L

P3 = 80 mg/L

P4 = 214 mg/L

P5 = 706 mg/L

P6 = 706 mg/L

P7 = 7700 mg/L
Multiplying the concentrations (mg/L) by the applicable volumetric flow rates (ML/d)
yields a mass flux or mass loading of total phosphorus, in units of kg/d. These are shown
graphically in Chapter 3.
•

Data Reconciliation for Aqueous Phosphorus Concentrations at BMF
Although the mass of total phosphorus (TP) is a conserved quantity within the

wastewater treatment process, phosphorus can be taken up from aqueous solution into the solid
phase, or, conversely, released from the solid phase into aqueous solution. Therefore, we would
not necessarily expect the mass of aqueous phosphorus to be conserved in all processes at BMF.
We can thus write the following balance equations, which accounts for the possibility of release
of phosphorus from the solid phase to the aqueous phase during aerobic digestion:
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Q1 P1aq – Q2 P2aq – Q5 P5aq = 0
Q2 P2

aq

Q5 P5
–Q4 P4

– Q3 P3

aq

aq

aq

– Q6 P6
+ Q6 P6

+ Q4 P4

aq

aq

aq

(B.56)

= 0

(B.57)

+ Ldigest= 0

(B.58)

aq

– Q7 P7 = 0

(B.59)

where Ldigest represents the rate of release of phosphorus (kg/d) in the aerobic digesters.
Aqueous-phase TP concentrations were measured in all seven streams. Data are shown
in Table B9. Concentrations in Table B9 are average (mean) values of duplicate measurements,
and are expressed in units of mg/L as P. Concentrations were obtained by filtering the collected
samples and measuring the TP concentration in the filtrate.
Table B9. Measured concentrations of aqueous-phase total phosphorus (TP) at BMF
Sampling
campaign 1

Sampling
campaign 2

Sampling
campaign 3

Sampling
campaign 4

Sampling
campaign 5

Sampling
campaign 6

Coefficient
of variation

P1aq (mg/L)

12

19

2

43

12

16

73%

P2aq (mg/L)

11

17

0.36

1.8

8

1.8

90%

P3 (mg/L)

151

160

25

35

42

65

69%

P4aq (mg/L)

230

324

220

310

262

270

14%

P5aq (mg/L)

45

14

21

46

41

34

36%

P6 (mg/L)

321

385

249

347

335

330

12%

P7aq (mg/L)

540

555

390

500

405

540

14%

aq

aq

Equations (B.56)–(B.59) can be written in matrix form as follows.
!!!"
!!!"
!! −!!
0
0 −!!
0
0
!!!"
0
!! – !!
!!
0
0
0
!"
!! +
0
0
0
0
!! −!!
0
!"
0
0
0 −!!
0
!! −!! !!
!"
!!
!!!"

0
0
0
0
!
=
1 digest
0
0
0

(B.60)
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The concentrations that satisfy equation (B.60) while minimizing the error criterion are as
follows.
P1aq = 3 mg/L

P2aq = 3 mg/L

P3aq = 82 mg/L

P4aq = 242 mg/L

P5aq = 3 mg/L

P6aq = 257 mg/L

P7aq = 471 mg/L
Ldigest = 185 kg/d
Multiplying the concentrations (mg/L) by the applicable volumetric flow rates (ML/d)
yields a mass flux or mass loading of total phosphorus, in units of kg/d.
It can be seen that, according to the data reconciliation estimates given above, P3aq > P3
and P4aq > P4. Theoretically, this is not possible: the total phosphorus in the aqueous phase of a
stream cannot exceed the total phosphorus in the stream overall, accounting for both liquid and
solid components. This indicates a measurement error or a data reconciliation error in one or
both of these streams. However, the error appears to be small, and in fact, the results are
encouraging with regard to the reliability of the data sets. The two streams in question are
(stream 4) the centrifuge centrate and (stream 3) the sidestream, which is comprised of centrifuge
centrate and thickener filtrate. Both of these streams should have very low concentrations of
suspended solids because they are comprised of filtrate and centrate; therefore we would expect
almost all phosphorus to be in the aqueous phase, since there is very little solid phase present.
We would thus expect P3 to be close to P3aq, and P4 to be close to P4aq. Based on the results
above, we have P3 = 80 mg/L and P3aq = 82 mg/L in the sidestream, a difference of less than 3%.
This close agreement indicates that the measurements are consistent and that the data sets are of
high quality. The relative difference between P4 and P4aq is slightly higher (12%), but it is still
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small enough to indicate that the data sets are generally in good agreement. We therefore expect
that any errors in measurements or in data reconciliation are small.
•

Data Reconciliation for Total Nitrogen Concentrations at BMF
Solids-handling processes at BMF are not engineered to remove nitrogen, so one might

generally expect to see little or no nitrogen removal through the unit processes at BMF.
However, the aerobic digester is not aerated continuously, and therefore may experience
alternating redox conditions that induce nitrification-denitrification. It is less clear how the
dewatering processes (gravity belt thickeners and centrifuge) would induce nitrogen removal, but
we should allow for this possibility, because nitrogen is not generally a mass-conservative
chemical species. Therefore we write the following balance equations for total nitrogen (TN) at
BMF:
Q1 N1 – Q2 N2 – Q5 N5 – RGBT = 0

(B.61)

Q2 N2 – Q3 N3 + Q4 N4 = 0

(B.62)

Q5 N5 – Q6 N6 – Rdigester = 0

(B.63)

–Q4 N4 + Q6 N6 – Q7 N7 – Rcentrifuge = 0

(B.64)

where RGBT, Rdigest, and Rcentrifuge represent rates of nitrogen removal in the gravity belt
thickenters, the aerobic digester, and the centrifuge, respectively.
TN concentrations were measured in all seven streams. Measured concentrations are
provided in Table B10. Values in the table are averages (means) of duplicate measurements.
Concentrations are expressed in mg/L as N. Reliable measurements were obtained only during
the second, third, and sixth of the six sampling campaigns.
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Table B10. Measured concentrations of total nitrogen (TN) at BMF
Sampling
Sampling
Sampling
campaign 2 campaign 3 campaign 6

Coefficient
of variation

N1 (mg/L)

610

440

670

17%

N2 (mg/L)

41

14

17

50%

N3 (mg/L)

24

11

29

36%

N4 (mg/L)

54

45

46

8%

N5 (mg/L)

1060

1695

1455

19%

N6 (mg/L)

1335

870

1185

17%

N7 (mg/L)

12600

18150

15900

15%

Equations (B.61)–(B.64) can be written in matrix form as follows.
!!
!! −!!
0
0 −!!
0
0 !!
−1 0
0
0
!GBT
!!
0
0
0 !
0
0
!! – !!
!!
0
0
0 !
(B.65)
digest =
! +
0 −1 0
0
0
0
0
0
!! −!!
0 !
!centrif
!
0
0 −1
0
0
0
0 −!!
0
!! −!! !
!
!!
All flow rates Q are known from the data reconciliation of the flow rates.
The optimized TN concentrations and the associated nitrogen removal rates are found to
be the following.
N1 = 618 mg/L

N2 = 15 mg/L

N3 = 25 mg/L

N4 = 45 mg/L

N5 = 1535 mg/L

N6 = 1101 mg/L

N7 = 16625 mg/L
RGBT = 163 kg/d

Rdigester = 317 kg/d

Rcentrifuge = –25 kg/d

The optimized concentrations are consistent with the measured values shown in Table B10.
Multiplying the concentrations (mg/L) by the applicable volumetric flow rates (ML/d) yields a

164

mass flux or mass loading of total nitrogen, in units of kg/d. These are shown graphically in the
paper’s main text.
•

Data Reconciliation for Aqueous-Phase TN at BMF
Samples collected from BMF were filtered, and the filtrate was analyzed for aqueous-

phase concentrations of total nitrogen (TN). Aqueous-phase TN is not expected to be conserved
or to obey balance equations, because it is subject to a number of reactions and processes such as
nitrification-denitrification, assimilation into bacterial biomass (i.e., transfer from the aqueous
phase to the solid phase), and release from bacterial decay (i.e., transfer from the solid phase to
the aqueous phase). However, at the point in the treatment process where the GBT filtrate and
the centrifuge centrate are combined to form the sidestream, it is expected that aqueous-phase
TN would be conserved, because the mixing of these two streams would not be expected to
induce any chemical reactions or phase transfer of nitrogen species. Therefore we can write the
following balance equation.
Q2 TN2aq – Q3 TN3aq + Q4 TN4aq = 0

(B.66)

Aqueous-phase TN concentrations were measured in all seven streams. Measured
concentrations are provided in Table B11. Values in the table are averages (means) of duplicate
measurements. Concentrations are expressed in mg/L as N.
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Table B11. Measured concentrations of aqueous-phase total nitrogen (TN) at BMF
Sampling Sampling Sampling Sampling Sampling Coefficient
campaign campaign campaign campaign campaign
of
1
2
3
4
6
variation
TN1aq
5
7
2
5
13
57%
(mg/L)
TN2aq
7
7
2
3
10
50%
(mg/L)
TN3aq
37
20
6
8
11
69%
(mg/L)
TN4aq
58
34
29
27
35
30%
(mg/L)
TN5aq
6
6
5
3
7
25%
(mg/L)
aq
TN6
56
26
23
13
21
53%
(mg/L)
aq
TN7
262
564
206
270
440
38%
(mg/L)
Because streams 1, 5, 6, and 7 are not involved in any balance equations, the optimal
estimates for concentrations in those streams are merely the averages (means) of the measured
concentrations. Data reconciliation using equation (B.66) is used to ensure optimal estimates for
aqueous-phase TN concentrations in streams 2, 3, and 4. The final estimates are as follows.

TN1aq = 6.3 mg/L

TN2aq = 6.0 mg/L

TN3aq = 16 mg/L

TN4aq = 36 mg/L

TN5aq = 5.6 mg/L

TN6aq = 28 mg/L

TN7aq = 348 mg/L

Multiplying the concentrations (mg/L) by the applicable volumetric flow rates (ML/d)
yields a mass flux or mass loading of aqueous-phase total nitrogen, in units of kg/d.
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Appendix C: Abbreviation List
A2 O

anaerobic/anoxic/oxic process

BMF

Bio-solids Management Facility

COD

chemical oxygen demand

DO

dissolved oxygen

DPAOs

denitrifying phosphorus-accumulating organisms

EBPR

enhanced biological phosphorus removal

FAWTP

Falkenburg Advanced Wastewater Treatment Plant

GAOs

glycogen-accumulating organisms

GBT

gravity belt thickener

HRT

hydraulic retention time

IC

ion chromatography

MCRT

mean cell residence time

MFC

microbial fuel cell

MGD

million gallons per day

MLE

modified Ludzach-Ettinger

MLSS

mixed liquor suspended solids

MLVSS

mixed liquor volatile suspended solids

NPDES

National Pollution Discharge Elimination System

NWRWRF

Northwest Regional Water Reclamation Facility

OD

oxidation ditch
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PAOs

phosphate-accumulating organisms

PHA

polyhydroxyalkanoate

RAS

recycled activated sludge

S2EBPR

sidestream enhanced biological phosphorus removal

SCADA

supervisory control and data acquisition system

SCB

South Cross Bayou Water Reclamation Facility

SND

simultaneous nitrification and denitrification

SNDPR

simultaneous nitrification, denitrification, and phosphorus removal

TBEP

Tampa Bay Estuary Program

TN

total nitrogen

TP

total phosphorus

VFAs

volatile fatty acids

WAS

waste activated sludge

WRF

water reclamation facility
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